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Abstract
Native tallgrass prairies were once considered to be the dominant pre-settlement
vegetation type in the eastern third of the Great Plains, but are now designated as America’s
most endangered ecosystem due to conversion to agricultural land. Prairie mounds are unique
soil features still present in remnant native tallgrass prairies across the United States. The main
objective was to determine the effects of soil moisture regime (i.e., aquic and udic), mound
position, (i.e., mound summit, backslope, toeslope, inter-mound), soil depth (i.e., 10-cm intervals
from 0 to 90 cm), and their interactions on soil physical, chemical, and hydraulic properties in a
mounded native tallgrass prairie in the Ozark Highlands region of northwest Arkansas. The
secondary objective was to evaluate the effects of soil depth (i.e., 10, 20, 30, and 50 cm), mound
position (i.e., mound summit and inter-mound), soil moisture regime (i.e., udic and aquic), and
their interactions over time and to quantify the effects of soil moisture regime (i.e., udic and
aquic), mound position (i.e., mound summit and inter-mound), sample date, and their interactions
on prairie vegetation. Soil samples were collected in mid-April 2017, volumetric water content
measurements were collected continuously from April 2017 – June 2018, and vegetation was
sampled in June and August 2017 and in May and August 2018. Soil clay concentrations in the
mound summits roughly doubled from 0-90 cm while the clay concentrations in the backslope,
toeslope, and inter-mound increased by three to six times from 0-90 cm. The maximum soil
volumetric water content for selected rainfall events was approximately 2.5 times greater at the
10-cm depth in the aquic inter-mound compared to the udic mound at 30 cm. Total aboveground
dry matter was numerically largest (8489 kg ha -1) at the aquic summit in August 2018 and
numerically smallest (1280 kg ha-1) at the aquic inter-mound in May 2018. The results of this
study provide insight regarding soil nutrient contents and water dynamics of prairie mounds and
inter-mound areas, which are important for plant growth. Results clearly demonstrate that prairie

restoration/management activities need to account for mound topography and differing soil
moisture regimes to be most successful.
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Introduction
Native prairies encompassed 1.62 x 108 ha of land from Canada to Mexico, and from the
Rocky Mountains to western Indiana before the onset of cultivated agriculture after European
settlement (Samson and Knopf, 1994; Brye et al., 2004). Native tallgrass prairies were once
considered to be the dominant pre-settlement vegetation type in the eastern third of the Great
Plains, but due to agricultural practices and urban expansion, native tallgrass prairies are now
labeled as America’s most endangered ecosystem (Samson and Knopf, 1994, 1996; Steinauer
and Collins, 1996). The once abundant tallgrass prairie ecosystems often contained soil
formations known as mima mound topography. Mima mounds, also known as prairie mounds,
were first discovered in the 1800s and have since been identified on every continent, excluding
Antarctica (Reed, 2013). As tallgrass prairies were converted to agricultural land, prairie mounds
were disturbed and some were completely flattened. Prairie mounds can still be seen on
protected lands and tallgrass prairies west of the Mississippi River, and in Wisconsin and Illinois
(Johnson and Burnham, 2012). Researchers have conducted numerous studies on prairie mounds
to determine a valid formation hypothesis, but studies analyzing potential soil physical and
chemical properties and vegetation differences between mound and inter-mound areas are less
numerous.
Native tallgrass prairie loss in Arkansas, primarily due to agriculture, has been
substantial. According to Brye and Riley (2009), only 0.5% of the native tallgrass prairies that
once encompassed Arkansas remain. Despite significant losses to native tallgrass prairies in
Arkansas, prairie mounds are still present in undisturbed prairie fragments throughout much of
the state (Johnson and Burnham, 2012). However, relatively little research has been conducted
on prairie mounds in the mid-southern region of the United States. This current study will
provide valuable data regarding nutrient content of mound and inter-mound areas in contrasting
1

soil moisture regimes (i.e., aquic and udic), which can be used to assess overall soil health.
Additionally, this study will analyze soil water content dynamics in mound and inter-mound
areas, which will provide insight on water relations between the two landscape positions.
Vegetation assessments of mound and inter-mound areas, which are not numerous, will be
conducted to access the suitability of each landscape position for plant growth. Research into the
characteristics and functionality of prairie mounds in native tallgrass prairies is needed soon, as
these unique landscape features are continually lost or disturbed due to urban expansion and
agricultural development. The success of future prairie restoration activities will require
understanding of the soil and botanical differences between mound and inter-mound areas and
how this microtopography contributes to proper ecosystem functioning.
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Literature Review
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Tallgrass Prairie Distribution and Loss
Prior to European agriculture, 1.62 x 108 ha of prairie covered the Great Plains of the
United States, which is a vast area of land from Canada to Mexico and from the Rocky
Mountains to western Indiana (Samson and Knopf, 1994; Brye et al., 2004). The prairies that
once encompassed much of the Great Plains were categorized based on vegetation as tallgrass,
shortgrass, and mixed grass prairies (Samson and Knopf, 1994). Tallgrass prairies were once the
dominant, pre-settlement vegetation type in the eastern third of the Great Plains, encompassing
6.0 x 107 ha from Canada and Minnesota south to Texas (Samson and Knopf, 1994; Steinauer
and Collins, 1996). Although once abundant, tallgrass prairies are now considered to be North
America’s most endangered ecosystem (Samson and Knopf, 1996). Since 1830, tallgrass prairie
loss in North America has been estimated between 82 to 99%, which is more than any other
major ecosystem in North America (Samson and Knopf, 1994). Factors that contributed to the
loss of tallgrass prairies include, but are not limited to: conversion to farmland, introduction of
non-native forage crops, woody plant encroachment, overgrazing, and urban expansion (Samson
and Knopf, 1994; Hinten, 2012).

Climate
North American prairies are situated in a climate with too much precipitation to be a
desert, but not enough precipitation to support forest vegetation. The three distinct prairie
ecosystems (i.e., shortgrass, mixed grass, and tallgrass) developed in response to drought
intensity and frequency as well as total annual rainfall (Helzer, 2009). Shortgrass prairies are
located in the driest and warmest portion of the Great Plains, under the Rocky Mountain rain
shadow, and are classified as semiarid and water-limited ecosystems (Moore, 2014). Droughts,
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which are characteristic in shortgrass prairie ecosystems, limit aboveground biomass production
and have prevented the establishment of vegetation present in tallgrass and mixed grass prairies
(Pielke and Doesken, 2008). The mean average precipitation in regions supporting shortgrass
prairie ecosystems ranges from 300 mm on the northwest and southwest borders to 600 mm on
the eastern boundary, with most precipitation occurring in late spring to early summer
(Lauenroth et al., 2008). Mean annual air temperature for the region containing shortgrass
prairies ranges from less than 9°C in the north to greater than 16°C in the south (Lauenroth et al.,
2008).
Tallgrass prairies, conversely, are generally light-limited ecosystems located in the
wettest portion of the Great Plains and are the most mesic (i.e., moderate in temperature) Great
Plains grasslands (Steinauer and Collins, 1996; Moore, 2014). Total annual precipitation in the
region supporting tallgrass prairie ecosystems ranges from 510 mm on the northwest border to
1020 mm on the eastern border, with most precipitation occurring during the growing season
(Bailey, 1995). Mean annual air temperature for the region containing tallgrass prairies ranges
from 4°C in the north to 16°C in the south (Bailey, 1995).

Tallgrass Prairie Vegetation
General Plant Composition
North American tallgrass prairie vegetation primarily consists of perennial grasses and
forbs (Fahnestock and Knapp, 1993). Graminoid species account for much of the energy flow
and nutrient cycling in tallgrass prairie ecosystems, but species richness and diversity are
attributed to the less prevalent forb species (Gibson and Hulbert, 1987; Howe, 1994). Grasses in
tallgrass prairies are primarily composed of C4 species that are moderately tall and grow in

5

bunches (Bailey, 1995; Steinauer and Collins, 1996). Common C4 grass species that comprise the
canopy in tallgrass prairies include big bluestem (Andropogon gerardii V.), switchgrass
(Panicum virgatum L.), Indiangrass [Sorghastrum nutans (L.) Nash], and rough dropseed
[Sporobolus clandestinus (Biehler) Hitchc.]. Little bluestem [Schizachyrium scoparium (Michx.)
Nash], sideoats grama [Bouteloua curtipendula (Michx.) Torr.], blue grama [Bouteloua gracilis
(Willd. ex Kunth) Lag. ex Griffiths], western wheatgrass [Pascopyrum smithii (Rydb.) Á. Löve],
and buffalo grass [Bouteloua dactyloides (Nutt.) J.T. Columbus] are subdominant species that
grow under the canopy of the aforementioned plants, but can also be dominant species in shallow
or dry soils (Steinauer and Collins, 1996). In addition to C4 grasses, there have been a variety of
C3 grasses documented in tallgrass prairie ecosystems. Common C3 grass species in tallgrass
prairies include porcupine grass [Hesperostipa spartea (Trin.) Barkworth], junegrass (Koeleria
Pers.), and Kentucky bluegrass (Poa pratensis L.) (Steinauer and Collins, 1996). In tallgrass
prairies, woody species, such as bur oak (Quercus macrocarpa Michx.), eastern cottonwood
(Populus deltoides W. Bartram ex Marshall), American elm (Ulmus americana L.), and black
willow (Salix nigra Marshall), are located in fire-protected locations and riparian zones
(Steinauer and Collins, 1996).

Disturbance
Fire
Tallgrass prairies historically have relied on disturbances (i.e., fire, herbivory, and
drought) to maintain plant and animal communities as well as ecosystem processes (Steinauer
and Collins, 1996). After climate, fire has been considered the most important factor influencing
grassland maintenance and distribution (Axelrod, 1985). Fire timing and frequency impacts
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belowground processes (i.e., belowground primary productivity, soil fauna abundance, and
nutrient cycling) and vegetation communities in tallgrass prairies (Seastedt and Ramundo, 1990;
Howe, 1994). Pre-settlement tallgrass prairies were maintained by wildfires caused by lightning
strikes, which occurred most frequently in mid- to late summer, whereas dormant-season
prescribed burns, taking place in late autumn or early spring, are now often used to actively
manage tallgrass prairies (Bragg, 1982).

Soil Physical Properties
Soil physical and hydraulic properties, particularly water infiltration, are influenced by
prescribed burns. As organic matter on the soil surface and in the upper layers of the mineral soil
are volatilized, most material is lost to the atmosphere, but some material can enter and travel
through the soil profile following large temperature gradients that form during burning (DeBano,
1991). As the soil cools with depth, the volatilized material condenses and can coat soil particles,
to form a water-repellant layer (DeBano et al., 1976). The severity of the water repellant layer is
dependent upon fire temperature and duration, soil texture, and soil moisture (DeBano et al.,
1976). In a laboratory study, pine (Pinus spp.) litter was burned over moist sand to simulate the
temperature of a fire during a prescribed burn (DeBano et al., 1976). The results indicated that a
water-repellant layer formed at the soil surface (i.e., 0 to 0.5 cm), as evidenced by a water-droppenetration time of greater than 3600-sec (DeBano et al., 1976). Formation of water-repellant
layers, particularly at the soil surface, could decrease water infiltration into the soil profile and
increase runoff (Imeson et al., 1992).
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Soil Chemical Properties
Soil chemical properties influenced by prescribed burning include electrical conductivity
(EC) and pH. As litter and mineral soil heat during a burn, soluble salts are released into the soil
and can result in increased soil EC in burned sites compared to unburned sites. The degree to
which soil EC will increase at burned sites is dependent on fire intensity (Andreu et al., 1996).
Soil EC measurements have been recorded as 776% greater in soils subject to high-intensity fires
and 2% greater in soils exposed to a low-intensity fire compared to unburned sites (Andreu et al.,
1996). Studies comparing soil pH in burned and unburned treatments have yielded mixed results.
(Amuri et al., 2008). When analyzed over a 6-yr period, the pH in the top 10 cm of a burned
treatment was consistently lower than that of an unburned treatment in the Mississippi River
Delta region of eastern Arkansas, with the burn and no-burn treatments having an initial pH of
6.7 and 6.9, respectively (Amuri et al., 2008). The decreased soil pH after burning was a result of
heat produced during the burn stimulating decomposition of organic matter and subsequent
nitrification, which is a net acid-producing reaction (Amuri et al., 2008). Conversely, a study
conducted on the Kiowa National Grassland in northeastern New Mexico concluded that the
surface soil (15 cm) pH of an unburned treatment (pH = 7.37) was statistically similar to that of a
growing season (pH = 7.33) and dormant season (pH = 7.41) burned treatment (Brockway et al.,
2002). The lack of change noted in soil pH was attributed to rapid nutrient assimilation into
emerging shortgrass prairie vegetation after burning (Brockway et al., 2002).

Soil Fertility
Understanding the effects of prescribed burning on soil fertility is important both
ecologically and for the success of prairie restorations, as soil fertility directly influences plant
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growth. The amount and form of nitrogen (N) available in the soil after a burn dictates how well
plants reestablish after a burn (Dunn et al., 1979). Although total soil N levels tend to decrease
during prescribed burns, plant available forms of N often increase in the soil after burning
(DeBano et al., 1979). The ammonium-N content increased by as much as 28.2 kg ha-1 in the top
1 cm of soil in chaparral soils in California after a prescribed burn, and ammonium content
increases were recorded to depths of 4 cm below the soil surface (DeBano et al., 1979). As
amino acids degrade during burning, ammonium is released into the soil, accounting for the
increase observed after the prescribed burn (DeBano et al., 1979). Unlike ammonium, nitrate
may decrease during a prescribed burn, but will generally increase over time following organic
matter decomposition and subsequent nitrification (DeBano et al., 1979; Dunn et al., 1979).
Prescribed burns increase plant biomass for the following growing season by exposing
the soil to sunlight (Brye et al., 2001). However, improper burning frequency has the potential to
limit plant productivity in subsequent growing seasons due to volatilization and physical
transport of nutrients out of the soil (Brye et al., 2001). Export of essential plant nutrients (i.e., N,
K, Ca, and Mg) out of the soil has been documented as being greater than inputs from the
atmosphere on a 3-yr burn cycle, resulting in a net loss of nutrients (Brye et al., 2001).
Conversely, when prescribed burns were conducted on a 6-yr cycle, loss of the aforementioned
nutrients was more balanced with inputs from the atmosphere (Brye et al., 2001). Similarly,
greater net additions of N, carbon (C), phosphorus (P), potassium (K), calcium (C), magnesium
(Mg), Sulfur (S), Iron (Fe), manganese (Mn), zinc (Zn), and Copper (Cu) relative to grainharvest removals have been reported when wheat residue was returned to the soil without
burning compared to annually burned treatments (Brye, 2012). Annual total soil C increases of
0.08 kg C m-2 yr-1 in unburned treatments compared to 0.05 kg C m-2 yr-1 in burned treatments
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indicate that soil C sequestration can decrease over time from annual burning (Amuri et al.,
2008).
Soil C sequestration is hindered from repeated burning due to loss of C-rich organic
matter. During prescribed burns, organic matter is rapidly combusted and undergoes a series of
endothermic and exothermic reactions (DeBano, 1991). At 100°C, free moisture in organic
matter is vaporized, at 280°C up to 35% of the total weight of organic matter can be lost, and at
temperatures over 1000°C, C is consumed (DeBano, 1991). Although the breakdown of organic
matter releases nutrients in the soil that would take years to decades to be released naturally
without burning, loss of organic matter and aboveground biomass temporarily expose a bare soil
surface, which can increase soil erosion potential (DeBano, 1991). As soil erosion increases,
essential plant nutrients, such as P, can be removed from the soil. The magnitude of P loss from
the top 10 cm has been reported to be greater from burning compared to a no-burn treatment over
a 6-yr period due to wind and water erosion of P-containing ash (Amuri et al., 2008).

Vegetation
Fire plays an important role in maintaining the natural integrity of tallgrass prairies.
Without prescribed burns, shrubs and trees would encroach on native prairie vegetation (Collins
and Adams, 1983). Frequency and timing of prescribed burns have an impact on the plant
species composition in tallgrass prairies (Steinauer and Collins, 1996; Collins and Calabrese,
2012). Additionally, geographic location may influence prairie response to fire. A study
conducted by Collins and Gibson (1990) on the Konza Prairie in Kansas concluded that frequent
burning (i.e., 1- to 2-yr return interval) favored dominant grasses and significantly lowered
species richness and diversity compared to sites with lower fire frequency (i.e., 4- to 20-yr return
10

interval). Abrams (1988) hypothesized that the decrease in richness on annually burned sites
occurred as the soil seed pool diminished from frequent burning. Conversely, Bowels and Jones
(2013) noted that increased burn frequency had a positive impact on plant species diversity in
tallgrass prairies near Chicago, IL. Bowles and Jones (2013) hypothesized that biomass in
eastern tallgrass prairies needed to be removed more frequently than in western tallgrass prairies
to maintain species richness because of greater biomass production from increased precipitation
levels in eastern tallgrass prairies.
In addition to fire frequency, the season in which the burn occurs can impact prairie
vegetation. Generally, spring fires favor late-starting C4 plant species, whereas summer burns
favor early flowering C3 species (Howe, 1994). Although infrequent spring fires may increase
species richness in western tallgrass prairies by opening space for seedling establishment,
frequent spring burning can reduce overall species richness by decreasing C3 and increasing C4
plant abundance (Abrams, 1988; Hulbert, 1988; Hartnett et al., 1996; Steinauer and Collins,
1996). Conversely, summer burns can reduce the abundance of C4 species and increase the
abundance of C3 species, which increases species diversity (Howe, 1994; Steinauer and Collins,
1996). Although species diversity may increase with summer burns, total plant biomass would
likely decrease since C4 plants generally produce more biomass than C3 species in tallgrass
prairie ecosystems (Howe, 1994; Steinauer and Collins, 1996).

Native Grassland Soils
Carbon
Globally, C is stored in and cycled among the oceanic, pedologic, atmospheric, biotic,
and geologic pools (Lal, 2004b). The pedologic C pool contains approximately 2500 gigatons
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(Gt) of C, which is 3.3 times the amount stored in the atmospheric and 4.5 times the amount
stored in the biologic pool (Lal, 2004a). The 2500 Gt of C in the soil are classified as either soil
organic carbon (SOC) or soil inorganic carbon (SIC), which comprise 1550 and 950 Gt of C,
respectively, of the total estimated magnitude of the pedologic C pool (Lal, 2004a). The
pedologic C pool is comprised of ecosystems including forests (i.e., temperate, tropical and
boreal), tropical savannas and grasslands, temperate grasslands and scrublands, and wetlands
(Lal 2004b). Of the aforementioned ecosystems, boreal forest soils contain the most SOC (338471 billion tons C), however temperate grassland and scrubland soils have historically been, and
continue to be, an important source of C, containing between 176 and 295 billon tons of SOC
(Lal, 2004b). Each year, approximately 62 Pg of C are released into the atmosphere globally
from soils due to conversion of native grasslands to cultivated ecosystems (Lal 2004b; Brady and
Weil, 2008). More C was emitted into the atmosphere through soil disturbance than fossil fuel
combustion until the 1950s (Lal, 2004b). The amount of C present in grassland soils depends on
climatic conditions as well as soil physical properties (Brye et al., 2004; Lal, 2004b).
The amount of SOC present in grassland soils is influenced by soil properties and
climatic conditions (Hontoria et al., 1999). In general, SOC abundance has a direct relationship
with precipitation and an inverse relationship with temperature (Jenny, 1941; Burke et al., 1989;
Hontoria et al., 1999). Biomass production generally increases with increased precipitation,
which then results in more C-rich plant material being returned to the soil (Parton et al., 1987;
Brye and Gbur, 2010). Additionally, cooler temperatures slow down soil organic matter (SOM)
decomposition, which increases SOC levels (Brye and Gbur, 2010). Based on the influence of
temperature and moisture on SOM contents, SOC is generally greater in cool, moist regions and
lower in warm, dry regions (Lal, 2004b).
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Soil properties that influence SOC levels include the following: soil moisture regime, soil
texture, depth within the profile, and bulk density. In general, wet to poorly drained soils tend to
impede organic matter oxidation and promote C storage to a greater extent than in well-drained
soils, due to insufficient oxygen availability for microbial decomposition of organic matter (Torn
et al., 2009; Kucharik and Brye, 2013). A study conducted by Buis et al. (2009) in British
Columbia, Canada analyzed mineral soil C stocks with respect to soil moisture regime over a 3year period in a coniferous forest with fine-textured, glaciolacustrine parent materials. The
results of the study indicated that the poorly and somewhat poorly drained soil had 42 and 21%
more mineral soil C, respectively, than the mesic soil in the 0- to 47-cm depth interval below the
soil surface, indicating that wetter soils promote C storage more than drier soils (Buis et al.,
2009). Additionally, the relationship between soil C storage, soil moisture regime, and climate
has been studied in native tallgrass prairies with silt loam surfaces in the Grand Prairie and Ozark
Highlands region of Arkansas by Brye and Gbur (2010). Soil organic matter and SOC contents
were greater in the native prairie aquic soil moisture regime treatment in the Grand Prairie region
when compared to all other prairie treatment combinations in the Ozark Highlands (Brye and
Gbur, 2010). The slightly wetter and warmer climate of the Grand Prairie region likely resulted
in increased belowground biomass production, which would account for the greater SOM and
SOC contents in the aquic native prairie in the Grand Prairie compared to the Ozark Highland
prairies (Brye and Gbur, 2010).
In addition to soil moisture regime, SOM content, soil texture, and depth below the soil
surface influence soil C abundance. Research indicates that total soil C tends to increase with
increasing SOM content. A study conducted by Brye et al. (2004) in the Ozark Highlands and
Grand Prairie regions of Arkansas concluded that total soil C increased linearly with increasing
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SOM content. Soil C likely increased with increasing SOM content because microbial
decomposition of SOM, which is approximately 50% C, enriches the soil with organic C (Read
and Ridgell, 1922, Jobbagy and Jackson, 2000). In general, fine-textured soils contain more SOC
than coarse-textured soils (Brye and Kucharik, 2003). The reasoning for greater SOC levels in
fine-textured soils is threefold: 1) generally more plant biomass production and subsequent
organic matter return to the soil, 2) generally less SOM loss since fine-textured soils are less
well-aerated than coarse-textured soils, and 3) generally organic material is better protected from
decomposition by being bound in clay-humus complexes (Brady and Weil, 2008). The
relationship between soil texture and SOC was confirmed by Brye and Kucharik (2003) in
Wisconsin. The results of the study indicated that soil C content was greater in fine-textured soils
(5.1 to 12.2 kg C m-2) than in coarse-textured soils (2.1 to 4.5 kg C m-2) across native prairies
and prairie restorations in the top 25 cm (Brye and Kucharik, 2003). Additionally, research has
indicated that SOC tends to decrease with increasing soil depth, since SOM more often
accumulates and is concentrated in the upper layers of the soil profile (Batjes, 1996; Jobbagy and
Jackson, 2000).

Nitrogen
Nitrogen, which comprises approximately 78% of the gaseous composition of the Earth’s
atmosphere, is an extremely important component of soil. Soils typically contain 0.1 to 0.6% N
in the first 15 cm of soil, which equates to between 2,000 and 12,000 kg N ha-1 depending on the
soil type (Cameron et al., 2013). Approximately 90% of the nitrogen present in soil is in the
organic phase and unavailable for plant uptake (Schulten et al., 1995). Through the process of
mineralization, soil microorganisms convert organic N into plant-available forms. Plants consist
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of approximately 0.03 to 7% N and primarily absorb nitrate (NO3-) and ammonium (NH4+)
(Mattson, 1980; Forde and Clarkson, 1999). Once in the plant, nitrate and ammonium aid and
promote genetic coding, metabolic processes, and cellular structure, making nitrogen critical to
plant survival (Mattson, 1980).
Although N in the soil is essential for many microbial and plant process, excess N can
cause environmental issues. Nitrate leaching in the soil occurs since NO3- is repelled by the
negative charges associated with cation exchange sites in soil. Once in the groundwater system,
nitrate has been linked to diseases, such as methemoglobinemia (Greer and Shannon, 2005).
Additionally, gaseous N emitted from the soil into the atmosphere following denitrification can
combine with chemicals in the atmosphere to form ground-level ozone (Fields, 2004). As with
soil C, climatic conditions and soil physical properties determine the amount of N present in the
soil.
The amount of N contained in the soil varies depending on soil texture, climatic
conditions (i.e., rainfall and temperature), soil moisture, SOM content, and the form of N present
(Linn and Doran, 1984; Kucharik and Brye, 2013). Generally, fine-textured soils tend to contain
greater quantities of N than coarse-textured soils. Brye and Kucharik (2003) compared the soil N
concentration among remnant prairies and prairie restorations on coarse- and fine-textured soils.
Results indicated that the fine-textured soils had significantly greater total soil N concentrations
(1.5 to 3.3 g kg-1) compared to that in coarse-textured soils (0.4 to 1.0 g kg-1) (Brye and
Kucharik, 2003). Silt and clay particles protect SOM from breakdown, which then leads to
greater soil N in fine textured soils when compared to coarse textured soils (Hassink, 1997).
Additionally, water movement through coarse-textured soils is generally rapid, which can
exacerbate nitrate leaching within and from the soil profile. Annual soil nitrate loss due to
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leaching is typically 1 to 2 kg nitrate-N ha-1, but can be as much as 25 kg nitrate-N ha-1 in
silvicultural land uses (Brady and Weil, 2008).
Additionally, the soil N content is impacted by SOM content, soil moisture, and soil
temperature. Soil N levels exhibit a positive correlation with SOM content. Organic matter
contains approximately 5% N and, upon decomposition, SOM can release 11 to 22 kg N ha-1 yr-1
(Lee and Bray, 1949; USDA-NRCS, 2014). Saturated soils located in a cool climate will
typically contain more total N than well-aerated soils in warm regions due to microbial response
to soil moisture and temperature. Aerobic N transformation mechanisms are often more efficient
and contain more N-loss pathways than anaerobic processes (Buol et al., 2011). Under aerobic
conditions, N can be lost as ammonia during ammonia volatilization and from nitrate leaching
following nitrification. Under saturated soil conditions, loss of N as dinitrogen (N2), nitric oxide
(NO), and nitrous oxide (N2O) may take place as a result of denitrification, but to a lesser extent
than aerobic N losses due to reduced microbial activity in saturated soils. Nitrification is most
rapid in soils at temperatures between 30 and 40°C and is essentially inhibited at soil
temperatures below 4-5°C (Kuschk et al., 2003; Vymazal, 2007). As a result, soil N levels
typically increase with decreasing temperatures, as leaching declines with decreased nitrate
production.

Bulk Density
Soil bulk density (BD) is a physical property used as an indicator of soil compaction and
porosity. Compacted soils have reduced infiltration, reduced plant rooting depth, and decreased
soil microorganism activity compared to well-aggregated soils. Soil texture is an inherent soil
property that influences bulk density. Fine-textured soils, such as silt loams and clay loams, tend
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to have lower bulk densities than coarse-textured soils. Fine-textured soils contain inter-ped
micropores in addition to macropores, whereas sandy soils consist mainly of macropores. As a
result, fine-textured soils generally contain more total pore space than coarse-textured soils,
resulting in a lower bulk density.
In addition to soil texture, a correlation between soil depth and bulk density exists. In
general, bulk density increases with increasing depth below the soil surface due to compaction
from overlying soil and decreased organic matter content (Chaudhari et al., 2013).
Soil moisture regime influences bulk density through plant productivity. Aquic soil
moisture regimes often contain greater plant-available water, and therefore generally produce
more plant biomass than drier soils (Brye and Gbur, 2010). As a result of increased belowground
root biomass, bulk densities of aquic soils are often less than those of drier soils (Brye and Gbur,
2010). Soil organic matter content tends to lower bulk density of soil through improved soil
structure. Soil organic matter coats soil particles during decomposition and binds the particles
together forming water-stable aggregates, which then enhances pore space and decreases bulk
density (Bronick and Lal, 2005).

Organic Matter
Soil organic matter is important to soil and plant health and impacts soil aggregation, soil
moisture, and plant available nutrients. Organic matter, when bound to clay colloids, improves
soil structure through creation of stable soil aggregates. Through the creation of stable soil
aggregates and increased soil porosity, SOM reduces the erosion potential of soil by allowing
water to infiltrate through the soil as opposed to running off over the soil surface. Additionally,
soil organic matter adds plant-essential elements to the soil during the decomposition process.
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According to the USDA-NRCS (2014), for every percent SOM in the top 15.2 cm of a mediumtextured soil (i.e., silt loam or loam with a bulk density of 1.2 g cm-3), 0.45 to 0.91 kg of P is
released in plant-available forms during decomposition. Additionally, for 1% of SOM present in
the soil, approximately 0.9 to 1.4 kg of S is released annually (Funderburg, 2016). Finally, SOM
can provide substantial plant-available water. For every 1% of SOM, the soil can store 16,500
gallons of plant available water per acre of soil to a depth of 1 m (Scott et al., 1986).
Soil organic matter is influenced by climate (i.e., temperature and rainfall) and soil
texture. Organic matter decomposes faster in climates that are warm and humid as opposed to
cold and dry and in soils that are well-aerated compared to saturated due to soil microorganism
activity. Soil bacterial activity is greatest at soil temperatures of approximately 25-30°C and at
approximately 60% water filled pore space, therefore, most organic matter decomposition will
occur when these conditions are met (Pal and Broadbent, 1975; Pietikäinen et al., 2005). Clay
soils tend to have greater SOM concentrations than sandy soils because clay colloids protect
SOM from decomposition (Hassink, 1997). Additionally, saturated soils tend to accumulate
SOM because microbial respiration requires oxygen. When the soil water filled pore space
exceeds 60%, conditions become unfavorable for microbial respiration, which then promotes
SOM accumulation (Linn and Doran, 1984).
Organic matter concentrations in soil are also influenced by the vegetation community
present. Prairie soils have SOM contents often twice of those of forest soils (USDA-NRCS,
2014). The reason for the difference in SOM between the prairies and forests is due to larger
belowground biomass in prairie soils and because prairie grasses turnover annually, further
increasing the SOM content (USDA-NRCS, 2014).
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Soil pH
Soil pH affects plant productivity and, in turn, SOM accumulation. Soils with a pH below
7 are considered to be acidic. Globally, acid soils comprise approximately 30% of the world’s
ice-free land area and have primarily developed under udic and ustic soil moisture regimes
(Vonuexkull and Mutert, 1995). There are three pools of acidity contained in the soil. The active
pool is the H+ present in the soil solution and is measurable by a typical soil pH measurement.
The exchangeable acidity pool consists of exchangeable aluminum and hydrogen ions that are
released into the soil solution after cation exchange with an unbuffered salt. The third and largest
pool of soil acidity is the residual acidity. Residual acidity is defined as the acidity bound to clay
and organic matter in nonexchangeable forms. The residual pool of acidity is estimated to be
1000 times greater than the active acidity in a sandy soil and up to 100,000 times greater than the
active acidity in a clayey soil (Brady and Weil, 2008). Soil pH is important to manage, as soil
acidity impacts nutrient availability, plant growth/health, and soil microorganism activity.
Additions of acidity to the soil come from sources including, but not limited to, acid
precipitation, fertilizer use, and application of sewage sludge on agricultural land (Epstein et al.,
1976; McFee et al., 1977; Han et al., 2015).
Soil pH is impacted by climatic variables, including temperature and rainfall. As
temperature and rainfall increase, the intensity of soil mineral weathering and leaching increases
(Dixon et al., 2016). Therefore, soil acidity tends to be most prevalent in wet, humid regions and
soils tend to be neutral or alkaline in dry environments (Schoonover and Crim, 2015).
Additionally, soil acidity is impacted by soil texture. Clayey soils contain a greater abundance of
cation exchange sites that remove added acidity (i.e., Al 3+ and H+) from solution through
adsorption to the exchange sites. As a result, the pH of clayey soils will remain fairly constant

19

due to the large buffering capacity. Conversely, sandy soils have a much lower cation exchange
capacity, resulting in a lower buffering capacity, and are more likely to undergo acidification due
to enhanced water infiltration and subsequent leaching of basic cations and anions. The
relationship between soil texture and soil acidification was studied by Helyar et al. (1990) in
New South Wales, AU. It was estimated that at an acid addition rate of 4 kmol H+ ha-1 yr-1, soil
pH would drop by 1 unit within 30 and 120 years for a sandy loam and a clay soil, respectively
(Helyar et al., 1990).

Electrical Conductivity
Soil EC is a measure of the amount of salts in the soil and can be used as an indicator of
soil health (Corwin and Lesch, 2003). Electrical conductivity is important agronomically, as salts
influence crop yields and microorganism activity (Yan et al., 2015). A measurement of soil EC
does not provide insight on specific ions present in the soil, but EC is associated with nitrate
(NO3-), potassium (K+), sodium (Na+), chlorine (Cl-), magnesium (Mg2+), and sulfate (SO42-)
(Corwin and Lesch, 2003). Soil EC is influenced by natural and anthropogenic factors including
soil minerals, climate, topography, land management, and irrigation (Jordan et al., 2004; Grisso
et al., 2009). Soluble salts form from the breakdown of soil minerals and rocks and, as a result,
the types of minerals present will affect the soil salt content (Jordan et al., 2014). Climatic
factors, such as rainfall, affect soil EC. Soils in semiarid and arid regions tend to have larger salt
contents, leading to larger soil EC values, than soils developed in humid regions because
sufficient water is not present to flush the salts out of the soil profile (Corwin et al., 2007). It has
been suggested that soil EC maps can be referenced when dividing a field into management
zones (Grisso et al., 2009). Soils with consistent EC measurements are likely to exhibit similar

20

properties and could then be grouped together for soil sampling and management (Grisso et al.,
2009).

Soil Properties of Native Grasslands in the Ozark Highlands
Overview
According to Jenny (1941), soil formation and many soil properties are impacted by
parent material and climatic factors (i.e., temperature and moisture). The Ozark Highlands,
Major Land Resource Area (MLRA) 116A, has been described as a physiographic island
surrounded by the Great Plains to the west and bottomland forests to the east and southeast (Brye
et al., 2004; Brye and Riley, 2009; USDA-NRCS, 2017). The Ozark Highlands is a 2.1-millionha area of land encompassing southern Missouri, northwest and north-central Arkansas, and far
western Oklahoma (Brye and Riley, 2009). Due to the fact that the Ozark Highlands represent a
topographic, botanical, and climatic transition zone from the surrounding regions, evaluating soil
physical and chemical properties in the Ozark Highlands has become of great interest (Brye et
al., 2004; Brye and Riley, 2009; Brye and Gbur, 2010). The Ozark Highlands once contained the
Osage Prairie, a large native tallgrass prairie ecosystem encompassing south-central to
southwestern Missouri and northwest Arkansas, but, due to conversion to pastureland, only 0.5%
of the Osage Prairie remains as remnant prairie fragments (Brye and Pirani, 2005; MDC, 2017).
Many soils in the Ozark Highlands are classified as Alfisols and Ultisols with limestone,
dolomite, and occasionally sandstone parent materials (Brye et al., 2013). Ozark Highland soils
range from shallow to very deep in depth, moderately well- to excessively drained, and are
medium- to fine-textured (Brye et al., 2013). Additionally, soils in the Ozark Highlands typically
contain a silt-loam surface horizon and argillic horizons that formed as a result of chemical
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disintegration of cherty limestone parent material into chert and clay (Brye and Gbur, 2010; Brye
et al., 2013). Research on soil physical and chemical properties in native tallgrass prairie
remnants located in the Ozark Highlands has provided insight into the typical concentrations of
C and N in the soil as well as soil pH, SOM content, and bulk density.

Analysis of Soil Physical and Chemical Properties
Physical and chemical properties (i.e., total C, total N, pH, SOM, and bulk density) of
soils in northwest Arkansas have been analyzed in several studies (Brye et al., 2004; Brye and
Gbur, 2010, Brye and Gbur, 2011). Brye et al. (2004) measured total C and total N
concentrations in the top 10 cm of soil in four native prairie sites, ranging in classification from
mesic to wet prairies, across northwest Arkansas. The average total C concentration reported was
24 g kg-1, whereas the average total nitrogen was 2.1 g kg-1 (Brye et al., 2004). In the same study,
the mean pH of northwest Arkansas soils in native prairies was 4.88, the average organic matter
concentration was 47 g kg-1 and the average bulk density was 1.06 g cm-3 (Brye et al., 2004).
In a subsequent study, Brye and Gbur (2010) analyzed soil physical and chemical
properties in northwest Arkansas with respect to soil moisture regime. The study was conducted
at the Chesney Prairie near Siloam Springs, Benton County, Arkansas (36°13’12” N lat.,
94°28’57” W long.) and soil samples were collected from the top 10 cm (Brye and Gbur, 2010).
Results of the study indicated that total N, though numerically greater in the udic soil moisture
regime, did not vary significantly from that of the aquic soil moisture regime (Brye and Gbur,
2010). Bulk densities in aquic and udic soils in northwest Arkansas also did not differ, with soil
bulk densities in both soil moisture regimes averaging approximately 1.2 g cm -3 (Brye and Gbur,
2010). Unlike total N and bulk density, SOM and SOC contents were greater in the udic than in
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the aquic soil moisture regime (Brye and Gbur, 2010). Soil organic matter contents were 5.01
and 4.08 kg m-2 for udic and aquic soil moisture regimes, respectively, while SOC contents
averaged 2.30 kg m-2 for udic soils and 1.94 kg m-2 for aquic soils (Brye and Gbur, 2010).

Mima Mound Distribution
Since the 1800s, researchers have identified mima mound, or prairie mound, topography
on every continent, excluding Antarctica (Reed, 2013). In the United States, mima mounds are
present in states west of the Mississippi River (Figure 1), including Alaska, but have only been
identified in Illinois and Wisconsin east of the Mississippi River (Péwé, 1948; Collins, 1975;
Johnson and Burnham, 2012). Mound fields are known to exist from Missouri to the Pacific
Coast and from North Dakota southward to the Gulf Coast (Del Moral and Deardorff, 1976; Cox,
1984; Irvine, 2004; Horwath and Johnson, 2006). Before widespread cultivation, mounds were
abundant in western states, but are now limited to nature preserves, private lands, and
conservation lands (Horwath and Johnson, 2006).
Mima mounds are still abundant in protected native tallgrass prairies across the state of
Arkansas (Johnson and Burnham, 2012). Mounds have been studied in northwest Arkansas by
Quinn (1961) and Guccione et al. (1991), in northeast Arkansas by Archuleta (1980), and central
and southern Arkansas by Seifert et al. (2009) and Lee and Carter (2010).

Mound Morphology
Mima mounds are circular to oval soil structures, typically ranging in height from 0.5 to
1.5 m and in diameter from 10 to 30 m (Ross et al., 1968; Seifert et al., 2009; Lee and Carter,
2010). According to Cain (1974), mounds are most commonly located on flat to gently rolling
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terrain and are rarely present on slopes greater than 10%. Mounds located on flat terrain are
commonly circular in shape, whereas mounds positioned on slopes tend to be elliptical and
elongated in the downslope direction (Horwath and Johnson, 2006). Mima mounds typically
overlie a dense hardpan, claypan, or compacted gravel layer (Scheffer, 1947; Cox, 1984;
Horwath and Johnson, 2006). Most mounds are singular, but double- and triple-tied mounds have
been reported in multiple studies (Dalquest and Scheffer, 1942). The internal composition of
mounds varies with location (Collins, 1975). Northern mounds are composed of silty- and
loamy-textured glacial till, whereas mounds in other locations are composed of silt loams, loams,
and clay loams (Collins, 1975). Few mounds have been reported as sandy, but none have been
described as clayey (Collins, 1975).

Mound Formation Theories
The mechanisms responsible for mima-mound formation have been debated by scientists
since the mid-19th century. As research on mounds has continued, approximately 30 methods of
formation have been suggested, but none have been widely accepted (Allgood and Gray, 1974;
Aten and Bollich, 1981). The idea that mound formation varies regionally, making a universal
formation process unlikely, has gained popularity among the scientific community (Campbell,
1906; Ross et al., 1968; Horwath and Johnson, 2006). The five main categories of mound
formation hypotheses are: i) biological from fossorial organisms, ii) erosional, iii) depositional,
iv) seismic, and v) periglacial (Horwath and Johnson, 2006).
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Fossorial Formation Hypotheses
Fossorial formation hypotheses attribute mound formation to displaced soil from
burrowing mammals and insects. Organisms reported to form mounds include squirrels,
kangaroo rats (Dipodomys sp.), ants (Atta texana), prairie dogs (Cynomys sp.), and pocket
gophers (Thomomys talpoides) (Johnson and Burnham, 2012). Fossorial hypotheses were first
noted in the 1890s, but were further developed by Dalquest and Sheffer (1942), who attributed
the formation of mounds in the Mima Prairie (Washington) to pocket gopher activity over
thousands of years (Washburn, 1988). Unlike other formation theories, fossorial hypotheses have
stated that new mounds are still forming.
Among organisms believed to form mounds, pocket gophers have been the most
documented. Pocket gophers are ecosystem engineers that can translocate between 900 and 1400
kg of soil and sediment annually through normal feeding and burrowing activities (MDA, 1985).
According to Dalquest and Sheffer (1942), mound initiation occurs when a pocket gopher
created a nest and deposited the soil material on the soil surface near the nest. As soil continues
to be added to the surface, decreased bulk density and increased water-holding capacity allowed
for growth of forbs on the deposits, which provided a food source for the gophers (Dalquest and
Sheffer, 1942). As gophers created exploratory burrows over time, soil excavated from the
burrows was transported moundward towards the original deposit, which increased the height
and diameter of the mound (Cox, 1984). According to Cox (1984), with negligible erosion, it
was estimated that mounds in San Diego, CA could have been created in approximately 110
years.
Supporters of fossorial hypotheses of mound formation noted that all mound sites in
North America are located in regions that are or once were inhabited by a species of pocket
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gopher (Irvine, 2005). Further evidence used to support fossorial hypotheses includes indications
of recently deposited soil material, over-thickened A horizons caused by bioturbation, decreased
clay percentages and bulk density in mounded soils compared to inter-mound soils, and lack of
gravel in the mound (Ross et al., 1968; Allgood and Gray, 1974; Ricks et al., 1997; Lee and
Carter, 2010). According to Ricks et al. (1997), who studied mounds in the Kalsow Prairie, Iowa,
40 new mounds have been constructed over the past 30 years by the plains pocket gopher
(Geomys busarius). Similarly, 62% of the mounds in the Waubon Prairie in northwestern
Minnesota displayed above-average biological activity, which indicated that mound building was
still occurring in the prairie (Ross et al., 1968).

Erosion and Deposition
Erosional hypotheses attribute mound formation to wind or water erosion of loose
sediments around areas of resistant or anchored soil (Melton, 1929; Washburn, 1988). According
to Melton (1929), mounds located in northeastern Texas, southern Arkansas, and northern
Louisiana may have been formed by gully erosion of sandy soil around resistant pockets of
exposed subsoil. The rill-erosion hypothesis proposed by Melton (1929) was altered by Cain
(1974), who proposed that rill erosion around pedestal trees accounted for the 40,000,000
mounds in the southwestern US. According to the Cain (1974) hypothesis, if the forested region
of the southwest was exposed to a series of droughts and torrential rains 3000 to 6000 years ago,
rill erosion would have washed away unanchored soil, leaving soil anchored by pedestal trees at
a higher elevation, thus forming the mounds (Cain, 1974).
Categories of depositional hypotheses include fluvial deposits and eolian
activity/vegetation anchoring (Washburn, 1988). Mound formation in north Texas and Arkansas
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has been attributed to eolian activity/vegetation anchoring (Quinn, 1961; Collins, 1975).
Depositional hypotheses based on eolian activity/vegetation anchoring state that mounds were
formed when vegetation trapped and retained wind-blown sediments (Washburn, 1988). Loose
sediments surrounding the vegetation were then removed through erosion, creating the intermound site position (Berg, 1990). Collins (1975) concluded that mounds in north Texas were
formed when arid climatic conditions caused vegetation to become discontinuous, which resulted
in increased wind-blown sediments. The sediments then accumulated at the base of vegetation
and, when humid conditions returned, created a new mounded soil profile (Collins, 1975).
According to Quinn (1961), prairie mounds in eastern Oklahoma and Arkansas likely originated
from eolian deposits under rounded clumps of bushes. Quinn (1961) hypothesized that the
western edge of the Oklahoma-Arkansas loess blanket was once the western boundary of grass or
forest lands and the accumulating sediment moved eastward from the Great Plains (Quinn,
1961). After the sediment was deposited, increasingly humid conditions allowed for soil profile
development to occur, but following profile development, increasingly dry conditions caused
erosion of unanchored sediments, thus forming the mounds (Quinn, 1961).

Seismic Activity
The seismic formation theory was developed by Berg (1990), who studied mounds in
Washington. Berg (1990) used plywood covered in loess to represent an ecosystem in which
mounds could form. He then struck the underside of the plywood with a hammer repeatedly, to
represent an earthquake. The result was a series of micro-replicated mounds with a ring of coarse
material around the perimeter, similar to mounds observed in the field (Berg, 1990). According
to Berg (1990), mound formation occurred due to the pattern of propagating and reflective waves
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produced by an earthquake. At points where propagating and reflective wave peaks meet,
maximum displacement occurs, whereas minimum displacement occurs where wave peaks and
wave troughs meet (Berg, 1990). Berg (1990) observed that subjecting the mounds to additional
disturbance after formation did not affect the mounds, from which is was concluded that prairie
mounds are in a state of morphological equilibrium and would not be impacted by subsequent
earthquakes in natural settings.

Periglacial Formation
Mound formation in previously glaciated regions has been attributed to periglacial
conditions. Péwé (1948) hypothesized that mounds were formed as a result of melting ice
wedges in the ground. According to Péwé (1948), mounds in Alaska developed as polygonalpatterned ice began to melt, causing the surrounding ground to sink, while the soil in the center
of the ice structure remained in place forming the mounds. Ritchie (1953) hypothesized that
periglacial and erosional processes formed mima mounds in southwest Washington. According
to Ritchie (1953), mounds were formed by running water that moved across partially thawed,
polygonally fissured ice fields. The mounds were likely shaped as corners of the polygonally
fissured ice melted, leaving only the frozen ice core (Ritchie, 1953). The area was then likely
subjected to erosion from draining lakes, removing thawed sediment and leaving only the frozen
ice cores, which formed the mounds and corresponding inter-mound areas (Ritchie, 1953).
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Physical Properties of Mound and Inter-Mound Soils
Volumetric Water Content
Studies conducted analyzing soil moisture have suggested that the soil volumetric water
content (VWC) will vary with landscape position (i.e., mound and inter-mound). In the Gulf
Prairie Region of Texas, Carty et al. (1988) noted that inter-mound pedons were wetter longer
than corresponding mounded pedons. Similarly, Ross et al. (1968) noted that mounds had lower
VWC than the corresponding inter-mounds at similar depths in northwestern Minnesota. The
trends in soil moisture have been attributed to mounded site positions having greater
permeability and internal drainage, a greater hydraulic gradient, and lower clay contents than
inter-mound soils, which increases water movement through the mounded soil profile (Carty et
al., 1988).
Evidence of differing soil moisture contents in mounded and inter-mound soil has been
described in various field studies. Profile descriptions of mounded and inter-mound soils indicate
that redoximorphic concentrations and depletions occur at shallower depths in inter-mound soils,
indicating that inter-mound soils are internally wetter than mounded soil. Common depletions
were identified in the surface horizon of an inter-mound profile, whereas depletions were not
visible in the corresponding mounded profile until 85 cm below the soil surface in the Arkansas
River valley within the Ouachita physiographic province (Lee and Carter, 2010). Similarly,
Allgood and Gray (1973) identified redoximorphic concentrations in the surface horizon of an
inter-mound soil and at a depth of 48 cm in the corresponding mounded profile in eastern
Oklahoma. Carty et al. (1988) noted that mounded soil profiles contained significant leaching of
clays and carbonates downward through the soil profile, whereas the inter-mound profiles
contained a greater abundance of sparry calcite (a coarse-grained calcite mineral that forms
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under wet, stable conditions). In addition, crayfish (Cambarus spp.) chimneys are commonly
identified in inter-mound soils, but are rarely observed in mounded soils, indicating that intermound soils have greater soil moisture contents (Carty et al., 1988; Lee and Carter, 2010).
Though various studies have reported soil moisture differences between mound and inter-mound
areas, none of the studies evaluated soil moisture dynamics over extended time periods and
multiple seasons.

Soil Morphology and Texture
Researchers studying mound and inter-mound soil profiles have noted differences in
morphology between the respective profiles (Spackman and Munn, 1984; Horwath and Johnson,
2006; Lee and Carter, 2010). Mounded soil profiles typically have thicker and often times
multiple A horizons compared to the corresponding inter-mound profile (Carty et al., 1988;
Ricks et al., 1997; Lee and Carter, 2010). A profile description for a mound provided by Lee and
Carter (2010) had two A horizons to a depth of 50 cm, whereas the inter-mound profile had two
A horizons to a depth of 35 cm. Similarly, Carty et al. (1988) described the bottom depth of the
third A horizon in a mounded profile at 53 cm, whereas the corresponding inter-mound profile
only had two A horizons with a lower depth of 25 cm. Additionally, Allgood and Gray (1973)
concluded that mounded soil profiles generally contained more transition horizons than
corresponding inter-mound profiles. Similar results were recorded by Horwath and Johnson
(2006), who described the mound center profile as containing an EBg and EBtg horizon, whereas
the mound edge profile only had an EBg transition horizon. Lee and Carter (2010) noted that
mounds have a greater abundance of weakly developed horizons than inter-mound profiles,
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where the mound profile contained four Bw horizons compared to none in the inter-mound
profile (Lee and Carter, 2010).
Researchers have hypothesized that morphological differences between mound and intermound profiles are due to biological activity (Ross et al., 1968; Allgood and Gray, 1973;
Horwath and Johnson, 2006). As mound-dwelling organisms burrowed above impermeable
layers, they impeded eluviation and illuviation by mixing soil, which created a zone of
homogeneity that accounts for the deeper and more abundant A horizons as well as the transition
horizons in mounded profiles (Allgood and Gray, 1973; Horwath and Johnson, 2006). Horwath
and Johnson (2006) compared the zone of homogeneity on three different positions of the same
mound (i.e., mound center, 5 to 6 m from edge, and mound edge). The results indicated that the
mound center had a texturally homogenous A horizon to a depth of over 80 cm, whereas the
mound edge only had a zone of homogeneity to a depth of approximately 20 cm (Horwath and
Johnson, 2006). Additionally, the activity of burrowing animals may be responsible for lower
bulk densities of mounded soils than in corresponding depths of the inter-mound soil profile
(Ross et al., 1968; Allgood and Gray, 1973; Spackman and Munn, 1984). Continuous mixing of
soil in mounds by burrowing animals increases pore space and reduces soil compaction, which
would result in decreased bulk density compared to inter-mound site positions.
The zone of homogeneity created by burrowing animals has resulted in textural
differences between mound and inter-mound soil profiles. In general, studies have suggested that
soil in mounded profiles contain less clay than soils in inter-mound profiles at corresponding
depths (Allgood and Gray, 1974; Spackman and Munn, 1984; Carty et al., 1988). Since
eluviation and illuviation in mounded profiles has been impeded by biological mixing, the depth
to illuvial horizons in mounded profiles is typically greater than in inter-mound profiles (Allgood
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and Gray, 1974). Profile descriptions provided by Allgood and Gray (1973, 1974) indicated that
the illuvial horizon began at 79 cm with a clay percentage of approximately 40%, whereas the
mounded profile had a clay content of approximately 10% at that same depth. Similarly, Carty et
al. (1988) noted that an inter-mound, illuvial horizon began at a depth of 25 cm with 30% clay,
whereas the corresponding mounded profile only contained 6% clay at the same depth. The
influence of biological activity on mounded profiles was great enough that Allgood and Gray
(1973) suggested that the modifier “vermic” should be added to mounded soil classification and
that the mounds themselves should be called “verma mounds”.

Mound Vegetation
Due to the fact that prairie mounds represent a form of micro-topographical variation
from the adjacent prairie, scientists have performed studies characterizing vegetation patterns
between mounds and inter-mound site positions (Del Moral and Deardorff, 1976; Brotherson,
1982). Studies of prairie mound vegetation have analyzed herbage production on mounds
compared to inter-mounds, vegetation species composition (i.e., grass or forb dominated), as
well as similarities between plant composition of mounds and inter-mounds (McGinnies, 1960;
Ross et al., 1968; Allgood and Gray, 1974; Brotherson, 1982). Studies analyzing herbage
production of mounds compared to inter-mound site positions have concluded that mounds
generally produce more biomass than inter-mounds (McGinnies, 1960; Allgood and Gray, 1974).
Allgood and Gray (1974) noted that forage production on mounded soils totaled 4,997 kg ha-1
compared to 3,227 kg ha-1 on inter-mound soils in Oklahoma. Part of the difference in biomass
production between mound and inter-mound site positions was attributed to the abundance of
eastern gamagrass [Tripsacum dactyloides (L.)] on mounds (Allgood and Gray, 1974). Similarly,
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a study performed by McGinnies (1960) in Colorado noted that dry weight biomass was greater
on mound summits than in the corresponding inter-mounds. McGinnies (1960) studied the
abundance of intermediate wheatgrass (Thinopyrum intermedium), crested wheatgrass
[Agropyron cristatum (L.) Gaertn.], smooth brome (Bromus inermis Leyss.), Russian wildrye
[Psathyrostachys juncea (Fisch.) Nevski], and big bluegrass (Poa secunda J. Presl). The air-dry
herbage yields were 94, 180, 323, 358, and 542% greater on mounds than in inter-mounds areas
for intermediate wheatgrass, crested wheatgrass, smooth brome, Russian wildrye and big
bluegrass, respectively (McGinnies, 1960). According to McGinnies (1960), the reason for the
increased biomass production on mounds could result from enhanced soil fertility on mounds
due to organic matter and a greater depth to bedrock in mounds, which would supply a greater
abundance of plant-available water.
Studies analyzing whether grasses or forbs were more abundant on mounded site
positions have yielded mixed results (Ross et al., 1968; Allgood and Gray, 1974). Allgood and
Gray (1974) reported that there was a scarcity of forbs on mounds, whereas Ross et al. (1968)
noted that forbs and shrubs out-produced grasses on 156 of the 200 mounds sampled. Scientists
hypothesize that mounds containing pocket gophers will tend to be dominated by grasses, as
pocket gophers primarily feed on forb species (Allgood and Gray, 1974; Mielke, 1977). Ross et
al. (1968) noted a trend in vegetation communities of mounds based on mound size. Small
mounds were generally dominated by grasses, whereas medium-sized mounds were forbdominant, and large mounds were comprised mostly of shrubs (Ross et al., 1968). Additionally,
vegetation differences between mounds and the surrounding prairie occurred because mounded
soils exhibited increased biological soil disturbance compared to inter-mound soils (Brotherson,
1982). As soil is continually disturbed, vegetation succession occurs, which promotes the
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abundance of pioneer forb species and other disturbance-tolerant plants (Ross et al., 1968;
Brotherson, 1982).
Studies determining whether plant species richness was greater on mound or inter-mound
site positions have also provided mixed results. In Iowa, Brotherson (1982) compared the
vegetation of several mounds, randomly chosen as a representative sample, to the vegetation of
the corresponding inter-mound site positions. The results of the study showed that the species
richness on the mound site positions was only slightly greater than the species richness of the
corresponding inter-mound, with 51 plant species identified on the mounds and 48 species
identified in the inter-mound areas (Brotherson, 1982). Of the 51 plant species present on the
mounds, 38 of the species were also present in the adjacent prairie (Brotherson, 1982). A study
conducted by Allgood and Gray (1974) noted that 18 plant species were identified on intermound soils, whereas 13 plant species were identified on mounded soils. Of the 18 species
located on inter-mound soils, six species were also located on mounded soils (Allgood and Gray,
1974). To demonstrate the degree of similarity between the vegetation composition of mounded
and inter-mound soils, Brotherson (1982) calculated a Sorenson’s index and concluded that the
two site positions were 35.2% similar (i.e., K= 35.2). Scientists have hypothesized the reason for
the dissimilarity between the two sites is due to the micro-topographic variation of the mounds
compared to inter-mound soils (Brotherson, 1982; Del Moral and Deardorff, 1976). Del Moral
and Deardorff (1976) noted that hairy cat’s ear (Hypochaeris radicata L.) only grew in microdepressions located on mounds. Additionally, Del Moral and Deardorff (1976) determined that
plant species, such as racomitrium moss [Racomitrium canescens (Hedw.) Brid.], respond to
changes in drainage and insolation in mounds, which directly influences soil moisture
availability.
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Justification
Scientists have described prairie mounds as soils with special scientific value, but little
research has been conducted on undisturbed prairie mounds in native tallgrass prairies (Drohan
and Farnham, 2006). Mounds have been extensively researched on the west coast of the United
States (Dalquest and Scheffer, 1942; Del Moral and Deardorff, 1976; Cox, 1984), but few studies
have been performed in the mid-southern region of the United States. Most prairie mound
research has focused on determining valid hypotheses for mound formation, but only a few
studies (Allgood and Gray, 1973, 1974; Spackman and Munn, 1984; Carty et al., 1988) have
performed in-depth physical and chemical analyses of mounded ecosystems. Analyzing soil
physical and chemical properties by fixed depth intervals will provide more detailed information
on potential differences between mounded and inter-mound profiles than sampling at horizon
boundaries, as previously performed. Additionally, studies analyzing water content in mound and
inter-mound site positions with depth over time have not been conducted, and will provide
valuable information regarding water movement through naturally mounded soil complexes.
Studying vegetation characteristics of mound and inter-mound areas will likely reflect soil
physical and chemical differences between the two site positions. Gaining information on
mounded soil and vegetation soon is critical, as native tallgrass prairies and undisturbed mounds
are disappearing rapidly due to agricultural and urban development and can provide insight into
the function of mounds in native prairie ecosystems that could lead to improved restoration
efforts.
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Objectives and Hypotheses
The overall goal of this research project is to characterize soil volumetric water content,
soil physical and chemical properties, and vegetation differences between mound and intermounds areas of a native tallgrass prairie in contrasting soil moisture regimes. To accomplish
this goal, the specific objectives of this field research project are three-fold. The first objective of
this study is to determine how soil physical and chemical properties [i.e., texture, bulk density,
pH, EC, total C, total N, SOM, and Mehlich-3 extractable nutrients] are influenced by landscape
position (i.e., mound summit, mound backslope, mound toeslope, and inter-mound), depth below
the soil surface (i.e., 10-cm intervals from 0 to 90 cm), and soil moisture regime. It is
hypothesized that the mound summit will generally have the least-clayey textures at similar
depths and the lower bulk densities, followed by the mound backslope and toeslope positions,
with the inter-mound position generally having the greatest clay percentage and largest bulk
densities at each soil depth interval. Lower clay percentages and bulk densities are likely to occur
in the mound summit due to homogenization of soil by fossorial organisms. Soil textures in
mounds and inter-mounds are hypothesized to be a silt loam at the surface and exhibit an
increase in clay with depth, although the magnitude clay increase will likely differ among the site
positions. It is hypothesized that there will be no difference in clay content in a particular soil
depth interval between the aquic and udic soil moisture regime. Bulk density is hypothesized to
increase with depths in all site positions and is expected to be greater in the more well-drained
udic compared to the more poorly drained aquic soil moisture regime.
Soil FC water content and WP water content are hypothesized to generally be greatest in
the inter-mound position and least in the mound summit at respective depth intervals, while
estimated ksat is hypothesized to be largest in the mound summit at respective depth intervals. It
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is hypothesized that soil FC and WP water contents will increase with depth while Ksat will
decrease with depth. Additionally, it is hypothesized that soil moisture regime will have no effect
on estimated Ksat and soil FC and WP water contents.
Soil pH is hypothesized to increase with depth below the soil surface. In addition, soil pH
is hypothesized to be similar between all site positions and between the aquic and udic soil
moisture regime. It is hypothesized that soil EC will be greatest in the inter-mound site position,
followed by the mound toeslope, mound backslope, and mound summit due to greater clay
percentages in the inter-mound. Additionally, it is hypothesized that soil EC will increase with
depth, due to increasing clay content. Soil EC is hypothesized to be less in the aquic soil
moisture regime because more moisture will be available to dilute soluble ions than in the udic
soil moisture regime. Total C and N are hypothesized to decrease with increasing depth from the
soil surface. Total C is hypothesized to be greater in inter-mound landscape positions than in
corresponding depths of the mounded landscape position since carbon tends to accumulate in wet
or poorly drained soils. Better drainage in the mounded landscape position will likely promote
SOM turnover and less C with depth due to greater oxidation and respiration losses. Similarly,
total N is hypothesized to be greater in inter-mound site positions than in corresponding depths
of the mounded site position due to reduced nitrogen breakdown and leaching characteristics of
wet soils. In addition, total C and N are hypothesized to be greater in the aquic soil moisture
regime since wet or poorly drained soils promote carbon and nitrogen storage. Soil organic
matter is hypothesized to be greatest in the mound summit, followed by the mound backslope
and toeslope, with the inter-mound having the lowest SOM content at respective depths, except
for the immediate surface layer. This trend is likely to occur due to incorporation of organic
matter into the soil profile by organisms. Greater SOM content in the immediate surface layer of
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inter-mounds could be explained by runoff of organic matter from mounds. Additionally, it is
hypothesized that SOM will decrease with depth, as biological and microbial activity decreases,
and be greatest in the aquic soil moisture regime due to slow decomposition rates under periodic
anaerobic and reducing conditions. Carbon fraction SOM and Nfrac SOM are hypothesized to be
unaffected by soil depth, mound position, and soil moisture regime. Mehlich-3 extractable soil
nutrients are hypothesized to be more abundant in the inter-mound, followed by the mound
toeslope, mound backslope, and mound summit due to increased leaching in mounded profiles.
Additionally, Mehlich-3 extractable soil nutrients are hypothesized to decrease with depth and be
more abundant in the aquic soil moisture regime.
The second objective of this study is to quantify how the soil VWC varies among
landscape positions (i.e., mound summit and inter-mound) over time and among soil depths
below the surface (i.e., 10, 20, 30, and 50 cm) in contrasting soil moisture regimes (i.e., aquic
and udic). It is hypothesized that maximum recorded VWC measurements will increase with
depth below the soil surface, and be greater in inter-mound positions, whereas VWC minima will
be lowest at the soil surface and in mound positions. The aforementioned trends will likely be
due to potential clay increases with depth below the soil surface and in inter-mound positions.
Soil maximum recorded VWC measurements are hypothesized to be at least numerically larger
for a given site position in the aquic soil. Additionally, it is hypothesized that lag times will be
largest in inter-mound compared to the mound summit position, larger in the udic than in the
aquic soil moisture regime, and will increase with depth. Conversely, dry-down rates are
hypothesized to be fastest in the mound compared to the inter-mound position, slowest in the
aquic compared to the udic soil moisture regime, and will decrease with depth. Dry-down rates
will likely be fastest in the mound positions due to better internal drainage and greater hydraulic
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gradients compared to inter-mound positions. The aquic soil moisture regime will likely have
longer dry-down periods due to prolonged saturated conditions present in aquic soils.
Additionally, dry-down rates will likely decrease with depth as clay content increases to hold on
to the water longer. Lastly, it is hypothesized that soil dry-down rates will be larger during the
dry season as plants rapidly uptake available water from soil.
The third objective of this study is to determine the effect of landscape position (i.e.,
mound and inter-mound), soil moisture regime (i.e., aquic and udic), and time on vegetative
properties within the study site [i.e., total productivity, total diversity, and grass abundance
compared to other species abundance (i.e., sedges, rushes and forbs)]. Total productivity is
hypothesized to be greater on the mound positions while total diversity is hypothesized to be
greater in the corresponding inter-mound positions in both soil moisture regimes. Species
richness is hypothesized to be greater in the inter-mound position, while species evenness is
hypothesized to be greater in the mound summit. Additionally, it is hypothesized that total
productivity will be greater in the aquic soil moisture regime due to greater abundance of plantavailable water in aquic soils compared to udic soils. Species diversity is hypothesized to be
greater in the udic soil moisture regime. Since the udic soil will likely have less available water
for plants, it is possible that fewer dominant species will inhabit the site, which increases species
diversity by providing space for establishment of non-dominant species. Finally, it is
hypothesized that grasses will be more abundant than other species on mounds and inter-mounds
in both soil moisture regimes.
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Figure 1. Map depicting the distribution of prairie or mima mounds within the United States.
Dark regions indicate where prairie mounds are known to be present and lightly shaded regions
indicate where prairie-like mounds are present (Johnson and Burnham, 2012).
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Chapter 2
Soil Moisture Regime and Mound Position Effects on Soil Profile Properties in a Native
Tallgrass Prairie in the Ozark Highlands
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Abstract
Prairie, or mima, mound topography often exists in once-abundant, native tallgrass prairie
ecosystems throughout North America west of the Mississippi River. As tallgrass prairies were
converted to agricultural land, prairie mounds were disturbed and some were completely
obliterated, thus the abundance of undisturbed prairie mounds is decreasing in many areas. The
objective of this study was to evaluate the effects of mound position (i.e., mound summit,
backslope, toeslope, inter-mound), soil depth (i.e., 10-cm intervals from 0 to 90 cm), and soil
moisture regime (i.e., udic and aquic) on soil physical (i.e., particle-size distribution and bulk
density), chemical (i.e., pH, electrical conductivity, total carbon and nitrogen, soil organic
matter, and extractable soil nutrients), and hydraulic (i.e., estimated saturated hydraulic
conductivity and estimated wilting point and field capacity water contents) properties in a native
tallgrass prairie in the Ozark Highlands region of northwest Arkansas. Soil samples were
collected in mid-April 2017 following a January 2017 prescribed burn. Soil clay concentrations
increased with depth (P < 0.01) at each site position in both soil moisture regimes. The clay
concentrations in the mound summits roughly doubled with depth, while the clay concentrations
in the backslope, toeslope, and inter-mound increased by three to six times with depth. Soil bulk
density increased with depth at all site positions and was numerically largest at the mound
summit from 80-90 cm and at the mound backslope from 70-80 (1.48 g cm-3). Soil organic
matter contents decreased (P < 0.01) with depth at all site positions within both soil moisture
regimes and were generally at least numerically largest at respective depth intervals at the intermound within the udic soil and at the mound summit within the aquic soil. The soil Cfrac of SOM
decreased (P < 0.01) by at least ~1.5 times from the top 10 cm to the 80-90 cm depth for each
mound position in both soil moisture regimes. Soil estimated Ksat decreased (P < 0.05) with
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depth at each site position and was largest in the inter-mound from 0-10 cm (63.4 mm hr-1) and
numerically smallest at the inter-mound from 70-80 cm (4.6 mm hr-1). Averaged across soil
moisture regime and soil depth, electrical conductivity was 72% greater (P = 0.008) at the
mound summit (0.091 dS m-1) than in the other three mound positions, which did not differ and
averaged 0.066 dS m-1. The results of the study clearly indicate that prairie restoration and
management practices should consider mounded and inter-mound landscape positions separately.
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Introduction
Prior to European agriculture, 1.62 x 108 ha of prairie covered the Great Plains of the
United States, which is a vast area of land from Canada to Mexico and from the Rocky
Mountains to western Indiana (Samson and Knopf, 1994; Brye et al., 2004). Tallgrass prairies
were once the dominant, pre-settlement vegetation type in the eastern third of the Great Plains,
encompassing 6.0 x 107 ha from Canada and Minnesota south to Texas (Samson and Knopf,
1994; Steinauer and Collins, 1996). Although once abundant, tallgrass prairies are now
considered to be North America’s most endangered ecosystem (Samson and Knopf, 1996). Since
1830, tallgrass prairie loss in North America is estimated between 82 to 99%, which is more than
any other major ecosystem in North America (Samson and Knopf, 1994). Factors that
contributed to the loss of tallgrass prairies include, but are not limited to: conversion to farmland,
introduction of non-native forage crops, woody plant encroachment, overgrazing, and urban
expansion (Samson and Knopf, 1994; Hinten, 2012).
A unique soil feature still present in some protected tallgrass prairies are prairie mounds.
Since the 1800s, researchers have identified prairie mound topography on every continent,
excluding Antarctica (Reed, 2013). In the United States, prairie mounds are generally present in
states west of the Mississippi River (Figure 1), including Alaska, but have only been found east
of the Mississippi River in Illinois and Wisconsin (Péwé, 1948; Collins, 1975; Johnson and
Burnham, 2012). Mound fields are known to exist from Missouri to the Pacific Coast and from
North Dakota southward to the Gulf Coast (Del Moral and Deardorff, 1976; Cox, 1984; Irvine,
2004; Horwath and Johnson, 2006). Before widespread cultivation, mounds were abundant in
western states, but are now limited to nature preserves, private lands, and conservation lands
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(Horwath and Johnson, 2006). Prairie mounds are still abundant in many protected native
tallgrass prairies across the state of Arkansas (Johnson and Burnham, 2012).
Prairie mounds are generally circular to oval or oblong soil structures, typically ranging
in height from 0.5 to 1.5 m and from 10 to 30 m in diameter (Ross et al., 1968; Seifert et al.,
2009; Lee and Carter, 2010). According to Cain (1974), mounds are most commonly located on
flat to gently rolling terrain and are rarely present on slopes greater than 10%. Mounds located
on flat terrain are commonly circular in shape, whereas mounds positioned on slopes tend to be
elliptical and elongated in the downslope direction (Horwath and Johnson, 2006). Prairie mounds
typically overlie a dense hardpan, claypan, or compacted gravel layer (Scheffer, 1947; Cox,
1984; Horwath and Johnson, 2006). In a few instances in Minnesota (Ross et al., 1968) and
Washington (Dalquest and Scheffer, 1942), a zone of silt-loam-textured material on top of the a
slightly concave claypan surface occurred within the mound’s internal structure. Most mounds
are singular, but double- and triple-tied mounds have been reported in multiple studies (Dalquest
and Scheffer, 1942). The internal composition of mounds typically varies with location, where
northern mounds are often composed of silty- and loamy-textured glacial till, while mounds in
other locations are often composed of silt-loam, loam, and clay-loam soils (Collins, 1975). Few
mounds have been reported as sandy, but none have been described as clayey (Collins, 1975).
The mechanisms responsible for prairie mound formation have been debated by scientists
since the mid-19th century. As research on mounds continued, approximately 30 methods of
formation have been suggested, but none have been widely accepted (Allgood and Gray, 1974;
Aten and Bollich, 1981). The idea that mound formation varies regionally, making a universal
formation process unlikely, has gained popularity among the scientific community (Campbell,
1906; Ross et al., 1968; Horwath and Johnson, 2006). The five main categories of mound
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formation hypotheses are biological by fossorial organisms, erosional, depositional, seismic, and
periglacial (Horwath and Johnson, 2006).
Prairie mounds in Arkansas are likely formed as a result of deposition followed by
selective erosion (Quinn, 1961; Guccione et al., 1991). According to Quinn (1961), prairie
mounds in eastern Oklahoma and Arkansas likely originated from eolian deposits under rounded
clumps of bushes. Quinn (1961) hypothesized that the western edge of the Oklahoma-Arkansas
loess blanket was once the western boundary of grass or forest lands and the accumulating
sediment moved eastward from the Great Plains (Quinn, 1961). After the sediment was
deposited, increasingly humid conditions allowed for soil profile development to occur, but
following soil profile development, increasingly dry conditions caused erosion of unanchored
sediments, forming the mounds (Quinn, 1961).
Researchers studying mound and inter-mound soil profiles have noted differences in
morphology between the respective profiles (Spackman and Munn, 1984; Horwath and Johnson,
2006; Lee and Carter, 2010). Mounded soil profiles typically have thicker, and often times
multiple A horizons compared to the corresponding inter-mound profile (Carty et al., 1988;
Ricks et al., 1997; Lee and Carter, 2010). Soil horizon properties, such as lower boundary depth,
thickness, and horizonation nomenclature, have differed between mound and inter-mound
locations even in close proximity of one another (Allgood 1972; Goodarzi, 1978; Carty et al.,
1988; Horwath and Johnson, 2006; Lee and Carter, 2010).
Researchers have hypothesized that morphological differences between mound and intermound profiles are due to biological activity (Ross et al., 1968; Allgood and Gray, 1973;
Horwath and Johnson, 2006). As mound-dwelling organisms burrowed above impermeable
layers, the burrowers impeded eluviation and illuviation by mixing soil, which created a zone of
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homogeneity that accounts for the deeper and more abundant A horizons as well as the transition
horizons often described in the mounded profiles (Allgood and Gray, 1973; Horwath and
Johnson, 2006). Horwath and Johnson (2006) compared the zone of homogeneity on three
different positions of the same mound (i.e., mound center, 5 to 6 m from edge, and mound edge).
The results indicated that the mound center had a texturally homogenous A horizon to a depth of
over 80 cm, whereas the mound edge only had a zone of homogeneity to a depth of
approximately 20 cm (Horwath and Johnson, 2006). Additionally, the activity of burrowing
animals may be responsible for lower bulk densities of mounded soils than in corresponding
depths of the inter-mound soil profile (Ross et al., 1968; Allgood and Gray, 1973; Spackman and
Munn, 1984). Continuous mixing of soil in mounds by burrowing animals increases pore space
and reduces soil compaction, which would result in decreased bulk density compared to intermound site positions.
The zone of homogeneity created by burrowing animals likely resulted in textural
differences between mound and inter-mound soil profiles. In general, studies have suggested that
soils in mounded profiles contain less clay than soils in inter-mound profiles at corresponding
depths (Allgood and Gray, 1974; Spackman and Munn, 1984; Carty et al., 1988). Since
eluviation and illuviation in mounded profiles may have been impeded to some degree by
biological mixing, the depth to illuvial horizons in mounded profiles are often greater than in
inter-mound profiles (Allgood and Gray, 1974). The influence of biological activity on mounded
profiles was great enough that Allgood and Gray (1973) suggested that the modifier “vermic”
should be added to mounded soil classification and the mound themselves should be called
“verma mounds” to imply biological mixing as the mechanism of mound formation.
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Scientists have described prairie mounds as soils with special scientific value, but little
research has been conducted on undisturbed prairie mounds in native tallgrass prairies (Drohan
and Farnham, 2006). Mounds have been extensively researched on the west coast of the United
States (Dalquest and Scheffer, 1942; Del Moral and Deardorff, 1976; Cox, 1984), but few studies
have been performed in the mid-southern region of the United States. Most prairie mound
research has focused on determining valid hypotheses for mound formation, while various
aspects of prairie mounds have been studied specifically in northwest Arkansas (Quinn, 1961;
Guccione, 1991), in northeast Arkansas (Archuleta, 1980), and in central and southern Arkansas
(Seifert et al., 2009; Lee and Carter, 2010). However, only a few studies (Allgood and Gray,
1973, 1974; Spackman and Munn, 1984; Carty et al., 1988) have performed in-depth soil
physical and chemical analyses of mounded ecosystems, none of which have been conducted in
Arkansas. Therefore, the objective of this field study was to evaluate the effects of mound
position (i.e., mound summit, backslope, toeslope, inter-mound), soil depth (i.e., 10-cm intervals
from 0 to 90 cm), and soil moisture regime (i.e., udic and aquic) on soil physical (i.e., particlesize distribution and bulk density), chemical (i.e., pH, electrical conductivity, total carbon and
nitrogen, soil organic matter, and extractable soil nutrients), and hydraulic (i.e., estimated
saturated hydraulic conductivity and estimated wilting point and field capacity water contents)
properties in a native tallgrass prairie in the Ozark Highlands region of northwest Arkansas. It
was hypothesized that significant differences in numerous soil physical, chemical, and hydraulic
properties would exist among the various mound positions and by soil depth and soil moisture
regime.
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Materials and Methods
Site Description
Regional Site Description
This field project was initiated in April 2017 at the Chesney Prairie Natural Area,
hereafter referred to as Chesney Prairie, located near Siloam Springs, Benton County, Arkansas
(36°13’12” N lat., 94°28’57” W long.). Chesney Prairie is part of Major Land Resource Area
(MLRA) 116A, Ozark Highlands (Figure 2; USDA-NRCS, 2017a).
The Ozark Highlands MLRA is approximately 85,720 km2 and occupies portions of
eastern Oklahoma, northwestern and north-central Arkansas and southwestern to south-central
Missouri (USDA-NRCS, 2017a). The land cover distribution of the Ozark Highlands is
approximately 54% forest, 33% grasslands, 5% cropland 4% urban development, 3% water, and
1% other (USDA-SCS, 2006). Common tree species inhabiting the forested region include oak
(Quercus spp.), hickory (Carya spp.), and shortleaf pine (Pinus echinata Mill.) (USDA-SCS,
2006). Grassland species typically located in the Ozark Highlands include fescue (Festuca L.),
big bluestem (Andropogon gerardii V.), little bluestem [Schizachyrium scoparium (Michx.)
Nash], indiangrass [Sorghastrum nutans (L.) Nash], and dropseeds (Sporobolus spp.) (USDASCS, 2006). Agronomic crops typically grown in the Ozark Highlands include corn (Zea mays
L.) and soybean [Glycine max (L.) Merr.].
The soils present in the Ozark Highlands are mostly classified as Alfisols and Ultisols
(Brye et al., 2013). Parent materials in the region include limestone, dolomite, and occasionally
sandstone (Brye et al., 2013). Physical and chemical weathering over time has caused the cherty
limestone parent material to disintegrate into chert and clay, leading to the development of
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argillic horizons (Brye et al., 2013). Ozark Highland soils are shallow to very deep, moderately
well- to excessively drained, and medium- to fine-textured (Brye et al., 2013).
The 30-year (i.e., 1981 to 2010) mean annual air temperature within the region is 14.9°C,
with an average January minimum of 2.9°C and an average July maximum of 26.1°C (NOAA,
2017). The 30-year mean annual precipitation is 1203 mm, with approximately 64% of the
rainfall occurring during the growing season from April to October (NOAA, 2017).

Local Site Description
The Chesney Prairie (Figure 2) is a tallgrass prairie approximately 33 ha in size and has
been managed by the Arkansas Natural Heritage Commission (ANHC) since 2000 (ANHC,
2016). Chesney Prairie is a remnant of prairie ecosystems that formerly encompassed over
30,000 ha of the Ozark Plateau and is one of few prairie remnants on the Arkansas portion of the
Springfield Plateau (Holimon et al., 2013). In addition, Chesney Prairie, and nearby Stump
Prairie, are the two remaining native prairie remnants of Lindsley’s Prairie, which once
encompassed approximately 6200 ha around present-day Siloam Springs, AR (Neal and
Mlodinow, 2012). Chesney Prairie is divided by Sager Creek, an ephemeral stream, and
numerous prairie mounds are present. The prairie mounds are roughly circular, ~ 20.9 m in
diameter and ~ 0.7 m in height. Based on visual observations in April 2017, the vegetation on the
mounds differs from the vegetation in the inter-mound areas.
Chesney Prairie is a diverse prairie that supports over 450 plant species, including 290
native plant species and 18 rare plant species (Holimon et al., 2013). Typical prairie grasses
present at Chesney Prairie include big bluestem (Andropogon gerardii V.), little bluestem
[Schizachyrium scoparium (Michx.) Nash], indiangrass [Sorghastrum nutans (L.) Nash], and
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switchgrass (Panicum virgatum) (Neal and Mlodinow, 2012). Typical forbs present at Chesney
Prairie include large flower tickseed (Coreopsis grandiflora), prairie grayfeather (Liatris
pycnostachya), and rattlesnake master (Eryngium yuccifloium). Management practices, including
periodic prescribed burns and invasive species eradication, are currently used to increase the
native plant population (Neal and Mlodinow, 2012). Prescribed burns take place approximately
every three years and the prairie was last burned in January 2017.
Two soil series are present at Chesney Prairie: Jay silt loam (fine-silty, mixed, active,
thermic Oxyaquic Fragiudalf), which is in an udic soil moisture regime, and Taloka silt loam
(fine, mixed, active, thermic Mollic Albaqualfs), which is in an aquic soil moisture regime (SSSNRCS-USDA, 2000, 2015). The land surface undulates some throughout the entire Chesney
Prairie area, where the macro-scale slope is approximately 4%. However, within each soil
mapping unit, slopes are ≤ 2% (Brye et al., 2004).

Soil Sampling and Analyses
Soil samples were collected in 10-cm intervals to a depth of 90 cm between 15 and 19
April, 2017 at three mound/inter-mound positions in both the Jay and Taloka soil series,
representing the udic and aquic soil moisture regime, respectively, at the mound summit, mound
backslope, mound toeslope, and inter-mound positions for a total of three replications per soil
depth-mound position-soil moisture regime treatment combination. Five individual samples were
collected at each sampling location with a 2-cm-diameter push probe and slide hammer in 30-cm
increments. Each 30-cm increment was then manually divided into the three, 10-cm sections.
Soil samples were oven-dried at 70°C for at least 48 hours, ground, and sieved through a
2-mm mesh screen for soil physical and chemical analyses. Soil particle-size distribution (i.e.,
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sand, silt, and clay) were determined using a modified, 12-hr hydrometer method (Gee and Or,
2002). Soil pH and EC were measured with an electrode on a 1:2 (w/v) soil-to-water paste (Brye
et al., 2004). Soil was extracted with Mehlich-3 extractant solution in a 1:10 soil mass:extractant
solution ratio (Tucker, 1992) and analyzed for extractable nutrients [i.e., Phosphorus (P),
Potassium (K), Calcium (Ca), iron (Fe), manganese (Mn), sodium (Na), Sulfur (S), Copper (Cu),
and zinc (Zn)] by inductively coupled, argon-plasma, spectrophotometry (ICAPS; Spectro Arcos
ICP, Spectro Analytical Instruments, Inc., Kleve, Germany). Soil organic matter (SOM)
concentration was determined by weight-loss-on-ignition after 2 h at 360°C (Brye et al., 2004).
Total carbon (TC) and total nitrogen (TN) concentrations were determined by high-temperature
combustion with an Elementar varioMAX CN analyzer (Elementar Americas, Inc, Mt. Laurel,
NJ). The TC (Cfrac) and TN fractions (Nfrac) of SOM and the soil C:N ratio were calculated from
measured concentrations. Since the soils throughout the study site did not effervesce upon
treatment with dilute hydrochloric acid, all measured TC was assumed to be organic C.
Bulk density for each 10-cm interval was estimated from multiple regression
relationships as described in Saxton et al. (1986) using measured sand, clay, and SOM
concentrations using the Soil Water Characteristics subroutine associated with the Soil-PlantAtmosphere-Water (SPAW) model (version 6.02.75; USDA-NRCS, 2017b). In addition to bulk
density, the SPAW model was used to estimate the wilting point and field capacity water
contents and saturated hydraulic conductivity (Ksat) for each 10-cm interval from measured sand,
clay, and SOM percentages. The Soil Water Characteristics subroutine has been previously used
to estimate soil bulk densities when direct measurements required validation (Brye et al., 2006).
Measured soil nutrient concentrations (mg kg-1) were then used in conjunction with estimated
bulk densities and the 10-cm sample interval to calculate and report nutrient contents (kg ha -1).
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Statistical Analyses
Based on a split-split-plot, completely random experimental design, a three-factor
analysis of variance (ANOVA) was conducted using PROC MIXED in SAS 9.4 (SAS Institute,
Inc., Cary, NC) to evaluate the effects soil moisture regime (i.e., aquic and udic), mound position
(i.e., summit, backslope, toeslope, and inter-mound), soil depth (i.e., 0-90 cm in 10-cm intervals),
and their interactions on directly measured and estimated soil physical, chemical, and hydraulic
properties (i.e., soil texture, TC, TN, EC, BD, pH, SOM, Mehlich-3 extractable nutrients, C:N
ratio, Cfrac and Nfrac of SOM, wilting point water content, field capacity water content, and Ksat).
For this analysis, the whole-plot factor was soil moisture regime, the split-plot factor was mound
position, and the split-split-plot factor was soil depth. When appropriate, means were separated
by least significant difference (LSD) at the 0.05 level. Additionally, a linear regression was
conducted in Minitab 13 (Minitab, Inc., State College, PA) to evaluate soil properties trends with
soil depth.

Results and Discussion
Soil Physical Properties
Numerous soil physical properties were affected by one or more or a combination of
treatment factors evaluated (i.e., soil moisture regime, mound position, and/or soil depth). Soil
clay and silt concentrations and soil organic matter content differed (P < 0.05; Table 1; Table 2)
with depth in respective mound positions within and across soil moisture regimes. Soil clay
concentrations increased (P < 0.01) with depth for all mound positions in both soil moisture
regimes (Table 3). Clay concentrations at the mound summits roughly doubled with depth and
the clay concentrations in the backslope, toeslope, and inter-mounds increased 3 to 6 times with
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depth. Clay concentrations were numerically smallest (0.05 g g-1) among three treatment
combinations (i.e., udic summit and backslope positions in the 0-10 cm depth and udic toeslope
in the 10-20 cm depth), soil clay concentrations were numerically largest (0.33 g g-1) in the udic
inter-mound position in the 70-80 cm depth (Table 3). Clay concentrations were generally
numerically largest in the inter-mound and smallest in the mound summit position for both soil
moisture regimes. Soil clay concentrations generally did not differ when respective depth
intervals within the mound summit and inter-mound site positions were compared between soil
moisture regimes (Table 3). The aquic soil moisture regime, however, contained larger clay
concentrations than the udic soil at the backslope from 40-70 cm and 80-90 cm and at the
toeslope from 10-40 cm (Table 3).
Soil silt concentrations decreased (P < 0.05) in all treatment combinations excluding the
aquic summit position, in which silt concentration did not vary (P = 0.64) (Table 3). Soil silt
concentration was numerically greatest (0.74 g g-1) among all treatment combinations in the
aquic backslope in the 10-20 cm depth and numerically lowest (0.46 g g-1) in the udic toeslope
and inter-mound positions in the 80-90 cm depth (Table 3). Additionally, soil silt concentration
was either numerically or statistically greater in the mound summit compared to the inter-mound
position at all depth intervals in both soil moisture regimes (Table 3). When the same mound
position was compared between soil moisture regimes, the silt concentration was generally
similar in the summit, backslope and toeslope mound positions (Table 3).
Soil organic matter contents decreased (P < 0.01) with depth in all site positions within
both soil moisture regimes (Table 4). Organic matter contents were numerically largest (59.7 Mg
ha-1) in the udic summit in the 0-10 cm depth and numerically smallest (15.4 Mg ha-1) in the
aquic backslope position in the 70-80 cm depth (Table 4). In the udic soil moisture regime, SOM
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contents were generally numerically largest at respective depth intervals at the inter-mound
position, whereas SOM contents were generally numerically or statistically greatest at the mound
summit in the aquic soil moisture regime (Table 4). Compared across soil moisture regimes,
SOM contents were generally similar at the mound summit and backslope positions at a given
depth interval, whereas the udic soil moisture regime generally contained larger SOM contents
than the aquic soil in the toeslope and inter-mound positions at respective depth intervals (Table
4).
The results of the study agree with past research analyzing SOM in mounded ecosystems
(Ross et al., 1968; Allgood and Gray, 1973). Decreased SOM contents with depth is expected as
organic material accumulates on or near the soil surface and is incorporated into the soil profile
and decomposed soil organisms. A study conducted by Allgood and Gray (1973) in a mounded
ecosystem in eastern Oklahoma with a silt-loam surface noted that SOM decreased by 1.39%
over a depth of 230 cm in a mounded profile and decreased by 1.87% over a depth of 216 cm in
an inter-mound profile. Previous research comparing SOM between mound and inter-mound
soils have generally concluded that mounds contain larger quantities of SOM than inter-mound
soils at comparable depths, with exception of the immediate soil surface (Ross et al., 1968;
Allgood and Gray, 1973). In a study conducted on a silt-loam surface in northwestern Minnesota,
SOM decreased from 8.5 to 3.5% in the first 33 cm of soil in the inter-mound, whereas SOM was
above 3.5% to a depth of 137 cm in the mounded profile (Ross et al., 1968). Larger SOM
contents near the immediate soil surface at inter-mound positions has been attributed to
accumulated runoff from mound positions and due to the fact that the mounds generally contain
highly porous surface horizons, which, when coupled with the warm and humid climate,
promotes organic matter decomposition (Allgood and Gray, 1973). Additionally, larger SOM
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contents with depth in mound compared to inter-mound positions has been attributed to soil
mixing by mound-dwelling organisms (Mielke, 1977). Burrowing in mounds was suspected in
the current field study, as burrow holes were directly observed on the mound summits.
Additionally, distinct pockets of disturbed soil were present near a mound toeslope in the aquic
soil moisture regime. Areas devoid of soil were also punctured when soil samples were collected
on the mound summits, but no such areas were punctured in the inter-mound positions.
Soil sand concentration and estimated bulk density differed between mound positions
among soil depths (P < 0.05; Table 1). Averaged across soil moisture regime, soil sand
concentration decreased (P < 0.05) with depth in the mound summit and backslope positions, but
did not vary (P > 0.05) with depth in the toeslope and inter-mound positions (Table 5). The sand
concentration was largest in the 0-10 cm depth for all mound positions and was generally
numerically lowest in the inter-mound position (Table 5). Soil sand concentrations varied by a
factor of two among all treatment combinations from a numeric maximum of 0.30 g g-1 in the 010 cm depth interval of the inter-mound to a numeric minimum of 0.15 g g-1 in the backslope and
toeslope positions in the 40-50 cm and 50-60 cm depths, respectively (Table 5). Additionally,
averaged across mound position and soil depth, soil sand concentrations varied (P < 0.05; Table
1) between soil moisture regimes, averaging 0.17 and 0.22 g g-1 in the aquic and udic soils,
respectively. Averaged across soil moisture regime, soil bulk density increased (P < 0.05) with
depth in all mound positions, likely due to compaction from overlying soil layers (Table 5). For
each depth interval, soil bulk density was generally larger in the mound summit than in the intermound position (Table 5).
The trends observed with the aforementioned soil physical properties are related to one
another. The patterns exhibited by soil silt and sand concentrations are generally opposite of the
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patterns displayed for clay concentrations. Increased clay concentrations tended to result in
decreased silt and sand concentrations, as would be expected when soils become finer-textured.
The trends observed with clay and sand concentrations in the current study agree with past
research (McGinnies, 1960; Spackman and Munn, 1984; Carty et al., 1988). The differences in
clay and sand concentrations between mounded and inter-mound soils have been attributed to
bioturbation (Ross et al., 1968; Allgood and Gray, 1973; Horwath and Johnson, 2006). As
mound-dwelling organisms burrow above impermeable layers, the mixing action impedes
eluviation and illuviation, which creates a zone of textural homogeneity (Allgood and Gray,
1973; Horwath and Johnson, 2006). Carty et al. (1988) performed a soil profile description on a
mound and inter-mound soil with a silt-loam surface in the Gulf Coast Prairie Region of Texas
and noted that the inter-mound clay concentration was as much as 11.7 times greater than the
mound clay concentration at comparable depths within the upper 90 cm. Additionally, a profile
description performed by Spackman and Munn (1984) on a mound and inter-mound with a siltloam surface texture in the Laramie Basin of Wyoming noted that the sand concentration was
larger in the mound than in the inter-mound position at comparable soil depths to 90 cm, with
exception of the immediate surface layer.
The trends noted in soil bulk density can be explained by a variety of physical properties
including soil texture and SOM content. In general, fine-textured soils have a lower bulk density
than coarse-textured soils due to pore-size distribution (Chaudhari et al., 2013). Fine-textured
soils contain inter-ped micropores in addition to macropores, whereas sandy soils consist mainly
of macropores. As a result, fine-textured soils contain more total pore space than coarse-textured
soils, resulting in a lower bulk density. Additionally, SOM tends to lower bulk density, as SOM
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is less dense than mineral soil particles and the binding quality of SOM to improve soil
aggregation.
Previous research does not support the trend that bulk densities are generally larger in the
mound summits compared to the inter-mound position (Ross et al., 1968; Allgood and Gray
1974; Spackman and Munn 1984). A study conducted in northwestern Minnesota on a silt-loam
surface noted that bulk densities were lower in the mound compared to corresponding depths in
the inter-mound position, possibly due to biological activity in the mounds (Ross et al., 1968).
The results of the current study may not agree with previous research due to the nature in which
bulk density was determined. In previous studies, bulk densities were directly measured, while in
the current study soil bulk density was estimated from measured sand, clay, and SOM
concentrations using the SPAW model. However, the SPAW model does not take biological
activity into account as direct measurements would, which could explain why bulk densities in
the mound were larger than the inter-mound position in the current study.

Soil Hydraulic Properties
All of the soil hydraulic properties differed with one or more or a combination of
treatment factors evaluated (i.e., soil moisture regime, mound position, and/or soil depth). Soil
estimated wilting point (WP) water content varied (P < 0.01; Table 1) with depth in respective
site positions within and across soil moisture regimes. Estimated WP water contents increased
with depth at all site positions in both soil moisture regimes (Table 3). Estimated WP water
content was numerically lowest in the udic mound summit in the 20-30 cm depth and
numerically largest in the udic inter-mound position in the 70-80 cm depth (Table 3). Estimated
WP water contents were larger in the inter-mound position compared to the mound summit from
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20 to 90 cm in both soil moisture regimes (Table 3). Compared across soil moisture regimes,
estimated WP water contents were similar at all depth intervals in the mound summit and intermound positions, but the relationship was more complex in the backslope and toeslope positions
(Table 3).
Averaged across soil moisture regime, estimated field capacity (FC) water content and
estimated Ksat differed (P < 0.01; Table 1) by soil depths among mound positions. Based on
regression analyses, estimated FC water contents increased (P < 0.01) with depth at all site
positions, excluding the mound summit where there was no change (P = 0.48) with depth (Table
5). Estimated FC water content was numerically largest among all treatment combinations in the
inter-mound position in the 70-80 cm depth (0.36 cm3 cm-3) and were larger in the inter-mound
position than in the mound summit at all depth intervals, excluding the top 10 cm (Table 5).
Averaged across soil moisture regime, estimated Ksat decreased (P < 0.05) with depth at all site
positions (Table 5). Estimated Ksat was statistically largest (63.4 mm hr-1) among all treatment
combinations in the 0-10 cm depth of the inter-mound and numerically smallest (4.6 mm hr-1) in
the inter-mound position in the 70-80 cm depth (Table 5). Additionally, estimated Ksat was larger
in the mound compared to the inter-mound position at respective depth intervals from 20 to 90
cm. (Table 5).
Estimated Ksat and estimated FC water content differed (P < 0.01; Table 1) among soil
depths between soil moisture regimes. Averaged across mound position, estimated Ksat decreased
(P < 0.01) with depth in both soil moisture regimes as clay contents and bulk densities increased
with depth (Figure 3; Table 3 and 5). Estimated Ksat was largest among all treatment
combinations in the 0-10 cm depth (60.7 mm hr-1) in the udic soil moisture regime (Figure 3).
Within just the aquic soil moisture regime, estimated Ksat was largest in the 0-10 cm depth
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interval (46.6 mm hr-1). Estimated Ksat was larger in the udic than that in the aquic soil moisture
regime to a depth of 40 cm, while estimated Ksat did not differ between soil moisture regimes in
the 40 to 90 cm depth range (Figure 3). Estimated Ksat was likely larger in the udic soil moisture
regime than that in the aquic soil to a depth of 40 cm because the aquic soil had at least
numerically greater clay concentrations than the udic soil moisture regime at each mound
position to a depth of 40 cm (Table 3).
Averaged across mound position, estimated FC water contents increased (P < 0.01) with
depth in both soil moisture regimes (Figure 3). Estimated FC water content was numerically
largest among all treatment combinations in the aquic soil moisture regime in the 80-90 cm depth
interval (0.34 cm3 cm-3). Within just the udic soil moisture regime, estimated FC water content
was numerically largest in the 70-80 cm depth (0.32 cm3 cm-3). Estimated FC water content did
not differ between soil moisture regimes in the top 10 cm or in the 40 to 90 cm depth range,
whereas estimated FC water content was greater in the aquic than in the udic soil moisture
regime in the 10 to 40 cm depth range (Figure 3). Estimated FC water content was likely greater
in the aquic soil from 10 to 40 cm because the aquic soil moisture regime had at least
numerically larger clay concentrations in each treatment combinations from the 10 to 40 cm
depth range, which would likely contribute to greater water holding capacity in the aquic than
udic soil moisture regime (Table 3).
The trends observed in soil hydraulic properties are directly influenced by soil physical
property differences, such as texture and bulk density. Estimated WP and FC water contents both
increased with depth, while estimated Ksat decreased with depth, which reflects observed changes
in soil texture and bulk density with depth. Increasing clay concentrations often results in greater
water-holding capacity, which is consistent with larger estimated WP and FC water contents with
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depth. Conversely, increased clay concentrations and bulk density would result in lower Ksat due
to soil compaction and micropores impeding the movement of water. Additionally, soil physical
properties can explain the mound-position trends that occurred with hydraulic properties. Mound
summits generally contained greater sand and less clay than inter-mound positions. As a result,
estimated FC and WP water contents were larger at the inter-mound positions than at the mound
summits. Conversely, estimated Ksat was generally greater in the mound compared to the intermound due to the larger sand concentration. Additionally, mound summits have a larger
hydraulic gradient, specifically gravitational potential, than the corresponding inter-mound
positions due to the convex elevated surface associated with the mound, which would tend allow
water to move through mound summits more rapidly (Carty et al., 1988).
The results of the current study partially agree with past research evaluating soil
hydraulic properties associated with mound and inter-mound areas; however, prior research on
this subject is limited. No appreciable difference existed between WP water contents for mound
(8.6% v/v) and inter-mound (8.0% v/v) positions in the upper 15 cm for a mounded prairie
ecosystem in western Colorado (McGinnes, 1960). In the same study, no significant difference
existed in FC water contents between mounded (17.5% v/v) and inter-mound (17.7% v/v)
positions to a depth of 15 cm (McGinnes, 1960). Although the sampling scheme with depth
between the current study and that of McGinnes (1960) does not allow for direct comparison,
significant differences between estimated FC water contents at the mound summit and intermound positions were observed in the current study, which was in contrast to the results of
McGinnes (1960). However, the results of the current study agree with prior evaluations of Ksat
in mounded ecosystems (Carty et al., 1988). Similar to the current study, infiltration rate,
permeability, and Ksat were estimated to be larger in mounds compared to inter-mound positions
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due to coarser-textured surface horizons present in the mounds and the larger hydraulic gradient
as a result of the mound’s elevated surface (Carty et al., 1988).

Soil Chemical Properties
Many soil chemical properties exhibited complex relationships with one or more or a
combination of treatment factors evaluated (i.e., soil moisture regime, mound position, and/or
soil depth). Soil TC, Cfrac of SOM (Table 2), and extractable soil K, Ca, Mg, Mn, Zn, Cu, and S
differed (P < 0.05; Table 6) by soil depth among mound positions within and across soil
moisture regimes. Soil TC decreased (P < 0.01) with depth at all mound positions within both
soil moisture regimes and was largest (35.6 Mg ha-1) in the udic inter-mound in the 0-10 depth
and numerically smallest (3.2 Mg ha-1) in the aquic toeslope position in the 80-90 cm depth
(Table 4). Additionally, soil TC was at least numerically greatest at the mound summit at
respective depth intervals from 30 to 90 cm in both soil moisture regimes (Table 4). Total carbon
contents for a given site position were at least numerically larger with depth in the udic than in
the corresponding aquic mound position, excluding the summit in the 80-90 cm depth (Table 4).
Soil Cfrac of SOM decreased (P < 0.01) with depth at all mound positions in the aquic and
udic soil moisture regimes. The Cfrac of SOM was numerically largest (0.62) in the udic summit
in the 0-10 cm depth and was numerically smallest (0.16) in the udic inter-mound in the 80-90
cm depth (Table 4). The soil Cfrac of SOM decreased by at least ~1.5 times from the top 10 cm to
the 80-90 cm depth for each mound position in both soil moisture regimes (Table 4). Soil Cfrac of
SOM was at least numerically largest from 20-90 cm in the udic soil moisture regime and from
30-90 cm in the aquic soil (Table 4). Additionally, the soil Cfrac of SOM was generally similar
with depth among respective mound positions between the aquic and udic soil moisture regimes,
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except for at the backslope position, in which Cfrac of SOM was greater in the udic soil moisture
regime at respective depths from 40 to 90 cm (Table 4).
Soil TC likely decreased with depth as a result of decreasing SOM contents with depth
(Table 4). Soil organic matter is approximately 50% C and, upon decomposition, releases
organic C into the soil (Read and Ridgell, 1921; Jobbagy and Jackson, 2000). As SOM contents
decrease with depth, organic C decreases, which would then reduce the TC in the soil (Jobbagy
and Jackson, 2000; Brye and Kucharik, 2003). The aquic and udic mound summits contained
greater TC than at all other mound positions in respective soil moisture regimes at depth
intervals from 30 to 90 cm, despite not containing the largest SOM at each depth. The aquic and
udic summits likely contained greater TC than the other mound positions in respective depth
intervals from 30 to 90 cm because the Cfrac of SOM was at least numerically larger at the mound
summits in those depths, which then resulted in greater TC (Table 4). Similarly, soil TC contents
were likely larger in the udic soil moisture regime with depth for a given mound position because
SOM and Cfrac of SOM were generally larger in the udic than in the aquic soil (Table 4). The
results of the study are similar to previous SOM results in mounded ecosystems (Ross et al.,
1968; Spackman and Munn, 1984; Carty et al., 1988). Carty et al. (1988) noted that organic C
decreased from 23 to 1 g kg-1 over a depth of 124 cm in an inter-mound profile and from 20 to 1
g kg-1 over a depth of 193 cm in a mounded profile. The decreased organic C with depth would
then cause a decrease in soil TC, as was measured in the current study.
Extractable soil K, Mg, Ca, Mn, Zn and Cu had complicated relationships among mound
positions with depth (Table 7, 8, 9). Tallgrass prairies are complex ecosystems with regards to
plant biodiversity and soil properties. The results obtained in the current field study were only a
glimpse of what is occurring with each soil property and adding a time component would
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increase the complexity. Extractable soil K was numerically greatest (115 kg ha-1) in the udic
summit in the 0-10 cm depth and numerically smallest (35.8 kg ha-1) in the aquic inter-mound
position in the 10-20 cm depth (Table 7). Soil extractable K was generally similar between the
mound summit and inter-mound positions within both soil moisture regimes (Table 7).
Additionally, soil extractable K contents were generally similar at respective mound positions
between soil moisture regimes (Table 7).
Extractable soil Ca was numerically largest (837 kg ha-1) in the udic inter-mound in the
0-10 cm depth and numerically smallest (80.8 kg ha-1) in the aquic summit in the 80-90 cm depth
(Table 7). For both soil moisture regimes, extractable soil Ca contents were generally larger at
respective depths at similar mound positions in the udic compared to the aquic soil moisture
regime (Table 7). Additionally, extractable soil Ca was at least numerically greater in the intermound compared to the mound positions for both soil moisture regimes (Table 7). Soil
extractable Mg was numerically greatest (163 kg ha-1) in the inter-mound in the 80-90 cm depth
and numerically smallest (9.2 kg ha-1) in the aquic summit in the 70-80 cm depth (Table 7).
Extractable soil Mg contents were at least numerically greatest in the inter-mound position at
each depth interval in the udic soil, whereas there was no clear trend with depth in the aquic soil
moisture regime (Table 7). Additionally, extractable soil Mg was generally similar at respective
depth intervals within mound positions between the aquic and udic soil moisture regimes (Table
7).
Extractable soil Mn content was numerically greatest (250 kg ha-1) in the aquic intermound in the 0-10 cm depth and numerically smallest (1.8 kg ha-1) in the udic toeslope in the 7080 cm depth (Table 8). Extractable soil Mn was at least numerically greatest at respective depth
intervals in the mound summit for both soil moisture regimes, with the exception to the 0-10 cm
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depth in the udic soil and the 0-10, 70-80 and 80-90 cm depths in the aquic soil (Table 8).
Additionally, the extractable soil Mn decrease with depth at each mound position was smallest at
the summit for both soil moisture regimes, possibly due to biological mixing (Table 8).
Extractable soil Mn was at least numerically greater in the aquic compared to respective depth
intervals within similar mound positions in the udic soil moisture regime (Table 8). Extractable
soil Zn was largest (P < 0.05; 3.4 kg ha-1) in the udic summit in the 0-10 cm depth and
numerically smallest in the aquic inter-mound in the 40-50 cm depth (0.4 kg ha-1; Table 8).
Extractable soil Zn was generally numerically largest at the mound summit in respective depth
intervals in the aquic, while the trend was more complex in the udic soil moisture regime (Table
8). Additionally, extractable soil Zn was generally at least numerically larger in the udic
compared to respective depth intervals at similar mound positions in the aquic soil moisture
regime (Table 8). Extractable soil Cu content was numerically largest (2.3 kg ha-1) in the aquic
summit in the 80-90 cm depth and numerically smallest (0.4 kg ha-1) in the udic inter-mound in
the 50-60 cm depth (Table 9). Extractable soil Cu was generally numerically largest at the
mound summit in both soil moisture regimes (Table 9). Extractable soil Cu was generally at least
numerically larger in the aquic compared to respective depth intervals at similar mound positions
in the udic soil moisture regime (Table 9).
Unlike the aforementioned soil properties, extractable soil S experienced a clear trend
with depth among mound positions in both soil moisture regimes. Extractable soil S decreased (P
< 0.05) with depth at all mound positions in both soil moisture regimes (Table 9). Extractable
soil S was numerically largest (58.0 kg ha-1) in the udic summit in the 10-20 cm depth and
numerically smallest (9.4 kg ha-1) in the aquic backslope and toeslope positions in the 80-90 cm
depth (Table 9). Similar to soil Cu, extractable soil S contents were generally largest at the
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mound summit in both soil moisture regimes (Table 9). Additionally, extractable soil S was
generally similar at respective depth intervals at similar mound positions between soil moisture
regimes, excluding the backslope position, in which the udic soil moisture regime had greater
extractable soil S in the 0-20 cm and 70-90 cm depths (Table 9).
Studies investigating soil nutrients (i.e., K, Mg, and Ca) in mounded grasslands are not
numerous and prior studies have not compared mounded soil properties across soil moisture
regimes or at defined soil depth intervals. Most research has focused on recording selected soil
properties of the most characteristic mound and inter-mound within the field of study and
reporting data within soil horizons (Allgood and Gray 1973; Spackman and Munn, 1984, Carty
et al., 1988). Additionally, studies analyzing extractable soil nutrients have illustrated the
spatially dynamic nature of soil chemicals. Research evaluating soil K with depth in mounded
ecosystems has provided contrasting results (Allgood and Gray, 1973; Butler 1979; Spackman
and Munn, 1984). In Wyoming, soil K generally decreased with depth in both the mound and
inter-mound positions and was greater in the mound compared to similar depths in the intermound position, whereas soil K tended to increase with depth in eastern Oklahoma (Allgood and
Gray, 1973; Spackman and Munn, 1984).
As with soil K, studies on soil Ca and Mg have provided insight on the dynamic behavior
of the aforementioned variables with respect of geographic location (Allgood and Gray, 1973;
Spackman and Munn 1984). Spackman and Munn (1984) noted that extractable Ca increased
with depth in the mound and decreased in the inter-mound position, while Allgood and Gray
(1973) recorded a soil Ca increase with depth in both mound and inter-mound positions.
Additionally, previous research has indicated that soil Ca is generally greater with depth in the
mound compared to the inter-mound position (Allgood and Gray, 1973; Spackman and Munn,
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1984). Soil Ca was up to 15 times larger in the mound than in the inter-mound position beyond a
depth of 25 cm at similar depths in a soil with a silt loam surface in the Laramie Basin of
Wyoming (Spackman and Munn, 1984). The results of the current study are in contrast to those
reported by Spackman and Munn (1984) and Allgood and Gray (1973), but are similar to a study
conducted on mounded grasslands in the Upper Coastal Prairie of Texas on a sandy-loam soil, in
which soil Ca content was greater in the inter-mound than the mound position in the upper 15 cm
(Butler, 1979). Soil Mg has been shown to increase with depth in both mound and inter-mound
positions (Allgood and Gray, 1973; Spackman and Munn 1984). Past research has indicated that
soil Mg is greater in the mounded profile compared to the inter-mound position (Allgood and
Gray, 1973; Butler, 1979; Spackman and Munn, 1984), which is in contrast to the results of the
current study. In similar depth intervals, soil Mg was as much as 25 times greater in the mound
than in the inter-mound position (Spackman and Munn, 1984).
Studies investigating soil Mn, Zn, Cu, and S in mounded grasslands are non-existent. The
complex trends observed with depth across soil moisture regimes for the aforementioned soil
nutrients likely resulted from chemical reactions in the soil, due to a nutrient’s affinity for
adsorption to clay colloids or as a result of decreased SOM with depth. Soil Mn contents may
have been at least numerically larger at respective depth intervals in the aquic soil as a result of
potentially larger soil water contents. Manganese becomes soluble in the presence of water,
which would allow the Mn to translocate deeper in the soil profile compared to the relatively
drier udic soil. Soil extractable S also likely decreased with soil depth at all mound positions as a
result of decreased SOM with depth. For every percent of soil organic matter present in the soil,
approximately 0.9 to 1.4 kg of S is released annually (Funderburg, 2016). Since SOM tends to
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accumulate near the soil surface, soil S contents are likely to be much larger near the soil surface
and would be expected to decrease with depth.
Soil C:N ratio (Table 2) and extractable soil P and Fe (Table 6) varied (P < 0.05) by soil
depth among mound positions. Averaged across soil moisture regime, the C:N ratio decreased
with depth (P < 0.01) in the backslope, toeslope, and inter-mound positions, but did not differ (P
= 0.138) with depth at the mound summit (Table 10). Soil C:N ratio was numerically largest
(C:N = 12.2) at the inter-mound position in the 0-10 cm depth and numerically lowest (C:N =
6.2) at the toeslope position in the 70-80 cm depth interval (Table 10). Additionally, the soil C:N
ratio at the mound summit was larger than that in all other treatment combinations at respective
depth intervals from 60 to 90 cm below the soil surface (Table 10). The differences in soil C:N
ratio among treatment combinations could have resulted from differing plant species
composition comprising the SOM at a specific mound position, particularly the mound summit
and inter-mound positions.
Averaged across soil moisture regime, extractable soil P content decreased (P < 0.01)
with depth at all mound positions (Table 10). Soil P content was largest at the mound summit in
each depth interval. Additionally, soil P content was approximately 25 times larger in the top 10
cm than that in the 80-90 cm depth in the toeslope and inter-mound positions, whereas soil P was
approximately 2 and 7 times greater in the top 10 cm at the mound summit and backslope
positions, respectively (Table 10). The results of this study agree with previous study results
regarding soil P distributions in mounded ecosystems. A study conducted by Allgood and Gray
(1973) in Eastern Oklahoma on a silt-loam soil concluded that soil P was larger at mound
compared to inter-mound positions. Soil P contents ranged from a maximum of 0.34 to 0.18 g
kg-1 in the mound compared to a maximum of 0.22 to 0.15 g kg-1 in the inter-mound position
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(Allgood and Gray, 1973). Larger soil P contents in mound compared to inter-mound positions
may result from differences in SOM decomposition rates. The generally drier, more well-aerated
soil at the mound summit would tend to promote SOM decomposition and subsequent release of
P into the soil. Conversely, the typically wetter, clayier inter-mound positions would tend to slow
down SOM decomposition, thus maintaining lower soil P contents.
Similar to soil P content, averaged across soil moisture regime, soil Fe content decreased
(P < 0.01) with depth at all mound positions likely due to decreased SOM with depth (Table 10).
Soil Fe contents were numerically largest at the mound summit in the top 10 cm (181 kg ha-1)
and numerically lowest (100 kg ha-1) at the inter-mound position in the 80-90 cm depth (Table
10). Additionally, soil Fe contents were generally at least numerically largest at the mound
summit in each respective depth interval compared to all other mound positions, possibly due to
biological mixing (Table 10).
Extractable soil Na and soil pH differed by soil depth between soil moisture regimes (P <
0.05; Table 6). Averaged across mound position, extractable soil Na content increased (P < 0.01)
with depth in both aquic and udic soil moisture regimes, which is similar to previous studies
(Allgood and Gray 1973; Spackman and Munn, 1984). Extractable soil Na content was largest in
the aquic soil moisture regime in the 70-80 and 80-90 cm depth intervals and averaged 53.4 kg
ha-1, while extractable soil Na content in all other treatment combinations was less than 42.0 kg
ha-1 (Figure 3). Extractable soil Na content was greater in the aquic than in the udic soil moisture
regime in the 50 to 90 cm depth range, while there were no differences in extractable Na content
between soil moisture regimes at any 10-cm depth interval in the top 50 cm (Figure 3). The aquic
soil may have contained greater extractable Na than the udic soil at depth intervals from 50-90
cm due to increased water content compared to the udic soil. Sodium movement though the soil
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profile will stop when a water table is reached in the aquic soil, resulting in sodium accumulation
with depth. Conversely, sodium has the potential to leach out of the soil profile in the moderately
well drained udic soil moisture regime, accounting for the lower sodium contents with depth
compared to the aquic soil. Averaged across mound position, soil pH increased (P < 0.01) with
depth in the aquic, but did not vary (P = 0.20) with depth in the udic soil moisture regime (Figure
3). Similar results occurred in a study conducted by Spackman and Munn (1984), in which soil
pH increased steadily with depth in an inter-mound soil profile as a result of neutral soluble salt
accumulation. Soil pH in the aquic was numerically greatest (pH = 4.97) in the 80-90 cm and
numerically lowest in the 20-30 cm depth interval (pH = 4.53), while soil pH in the udic soil
moisture regime was numerically greatest in the 30-40 cm (pH = 4.71) and numerically lowest in
the 20-30 cm depth interval (pH = 4.53). Soil pH did not differ between soil moisture regimes in
any 10-cm depth interval (Figure 3).
Extractable soil P content and soil pH also differed between soil moisture regime across
mound positions (P < 0.05; Table 6). Averaged across soil depth, extractable soil P content was
largest among all treatment combinations at the summit position in the aquic soil moisture
regime (40.8 kg ha-1) and was smallest at the toeslope and inter-mound positions in both soil
moisture regimes, which did not differ. Within just the udic soil moisture regime, extractable soil
P content was also largest at the summit position (33.7 kg ha-1). Extractable soil P content was
larger in the udic than in the aquic soil moisture regime at the backslope position (Figure 4). The
results of this study are similar to prior reports, which also concluded that soil P was generally
greater at mound summits than at inter-mound positions (Allgood and Gray, 1973; Butler 1979).
Soil pH only varied slightly among soil moisture regime-mound position combinations (Figure
4). Soil pH was largest and did not differ among the backslope, toeslope, and inter-mound
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positions in both soil moisture regimes and was numerically lowest at the summit position in
both soil moisture regimes, which did not differ (Figure 4).
Total soil N (Table 2) and soil EC (Table 6) differed among soil depths (P < 0.05), but
were unaffected by soil moisture regime and mound position (P > 0.05). Averaged across soil
moisture regime and mound position, total soil N content decreased (P < 0.01) with soil depth
(Figure 5). Total soil N was largest in the top 10 cm (2.86 Mg ha-1) and was numerically smallest
in the 80-90 cm depth interval (Figure 5). Decreased total soil N with depth likely occurred as a
result of decreased SOM with depth. Since SOM is approximately 5% N, which is then released
into the soil upon SOM decomposition, soil TN content would tend to decrease as SOM content
decreased (Lee and Bray, 1949). Similar to soil TN, averaged across soil moisture regime and
site position, soil EC decreased (P < 0.01) with depth and was largest in the top 10 cm (Figure
5). Soil EC was also numerically smallest in the 80-90 cm depth interval, likely as a result of
decreased dissolved salts with depth (Figure 5). In addition, averaged across soil moisture regime
and soil depth, soil EC was 72% greater (P = 0.008; Table 6) at the summit (0.091 dS m-1) than
in the other three mound positions, which did not differ and averaged 0.066 dS m-1 (Figure 6).
The results of the current study are partially supported by past research analyzing soil EC in
mounded ecosystems. Soil EC was 0.16 S m-1 in the top 0-10 cm in an inter-mound profile
compared to 0.05 S m-1 at the same depth in a mound profile in the Gulf Coast Prairie Region of
Texas (Carty et al., 1988). Conversely, soil EC was reported to be consistently greater at mound
compared to inter-mound positions in the Laramie Basin of Wyoming (Spackman and Munn,
1984). Differences in soil EC trends across study sites are likely due to differential soil moisture
conditions and differences in soluble cation concentrations.
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Conclusions
The purpose of the field study was to evaluate the effects of mound position (i.e., mound
summit, backslope, toeslope, inter-mound), soil depth (i.e., 10-cm intervals from 0 to 90 cm),
and soil moisture regime (i.e., udic and aquic) on soil physical (i.e., particle-size distribution and
bulk density), chemical (i.e., pH, electrical conductivity, total carbon and nitrogen, soil organic
matter, and extractable soil nutrients), and hydraulic (i.e., estimated saturated hydraulic
conductivity and estimated wilting point and field capacity water contents) properties in a native
tallgrass prairie in the Ozark Highlands region of northwest Arkansas. As native tallgrass prairies
continue to become fragmented due to human activity, restoration and active management will
be needed to preserve the ecological functioning of prairie fragments. Prairie mounds are unique
soil features still commonly present in native tallgrass prairies west of the Mississippi River.
These micro-topographic, soil surface variations have been demonstrated to have vastly different
soil properties than the surrounding non-mounded prairie soil. The results of the study
demonstrated that soil physical, chemical, and hydraulic properties differed with depth among
mound positions- within and across soil moisture regimes.
Results of this study partially supported the hypothesis that the mound summit will
generally have the least clayey textures and lower bulk densities than the other site positions at
similar depths, followed by the mound backslope and toeslope positions, with the inter-mound
position generally having the greatest clay percentage and largest bulk densities at each soil
depth interval. Additionally, the results of the study did not support the hypothesis that bulk
densities would be greatest in the udic soil moisture regime, but bulk densities increased with
depth at each site position as hypothesized. The results of the study only partially supported the
hypothesis that no difference in clay content would occur at respective depth intervals in
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complimentary mound positions in the aquic and udic soil; however, the surface texture was a
silt loam at each mound position as hypothesized. Additionally, soil clay contents increased with
depth at all mound positions as expected. Soil organic matter content decreased with depth as
hypothesized, but the hypothesis that SOM would be greatest in the aquic soil moisture regime
was not supported. The hypothesis that SOM would be greatest in mound summit with depth was
only partially supported, as SOM contents were generally greatest at the inter-mound position in
the udic soil moisture regime.
Soil FC and WP water contents were generally greatest in the inter-mound position and
least in the mound summit at respective depth intervals as expected and estimated Ksat was
generally largest in the mound summit as hypothesized. Additionally, soil FC and WP water
contents increased with depth and Ksat decreased with depth in all mound positions as
hypothesized. Results of the study did not support the hypothesis that soil moisture regime would
have no effect on estimated Ksat and soil FC and WP water contents.
The results of the study supported the hypothesis that soil pH would be similar between
soil moisture regime, but only partially supported the hypotheses that soil pH increase with depth
and be similar between all site positions. The results of the study do not support the hypotheses
that soil EC would be largest in the inter-mound position, increase with depth, and be less in the
aquic soil moisture regime. Total C and TN decreased with increasing depth from the soil surface
as expected. The hypothesis that soil TC and TN would be greatest at respective depth intervals
in the inter-mound position was only partially supported, as TC was at least numerically greater
in the mound summit compared to the inter-mound position from 30-90 cm, and TN was
unaffected by site position. Additionally, soil TC and TN were not greater in the aquic soil
moisture regime as hypothesized. The results of the study partially supported the hypothesis that
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Cfrac SOM and Nfrac SOM would not be affected by depth, mound position, and soil moisture
regime. Mehlich-3 extractable nutrients exhibited dynamic trends with depth, mound position,
and soil moisture regime, therefore the hypotheses that Mehlich-3 extractable nutrients would
decrease with depth, be most abundant in the inter-mound, and be more abundant in the aquic
soil moisture regime were only partially supported by the study.
Results of this study clearly demonstrated that many soil physical, chemical, and
hydraulic properties differed among various prairie mound positions and between soil moisture
regimes, even within the top 90 cm of soil. Consequently, this study highlights the complexity of
soil properties in mounded native tallgrass prairies and, based on study results, prairie restoration
and management efforts should account for mound topography and differing soil moisture
regimes. This study, along with past research, has provided valuable insight into soil
characteristic differences in mounded, grassland ecosystems; however, additional in-depth
studies on soil properties of mounded soils should be conducted as little research is available on
the topic.
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Table 1. Analysis of variance summary of the effects of moisture regime (aquic and udic),
mound position (summit, backslope, toeslope, and inter-mound), and depth (0-90 cm in 10-cm
intervals) on sand, silt, and clay concentrations and estimated bulk density (BD), estimated field
capacity (FC) water content, estimated wilting point (WP) water content, and estimated saturated
hydraulic conductivity (Ksat) in a native tallgrass prairie with prairie mounds in the Ozark
Highlands region of northwest Arkansas.
Source of Variation

Sand

Silt

Clay

BD
FC
WP
Ksat
P _____________________________________________
0.248
0.066
0.213
0.018
< 0.001 < 0.001 < 0.001
0.003
< 0.001 < 0.001 < 0.001 < 0.001
0.114
0.087
0.043
0.655
0.106
0.006
0.001
< 0.001
< 0.001 < 0.001 < 0.001 < 0.001
0.255
0.058
< 0.001
0.135

__________________________________________

Moisture regime (MR)
Position (P)
Depth (D)
MR x P
MR x D
PxD
MR x P x D

0.005
0.434
< 0.001
0.670
0.391
0.001
0.823

0.065
< 0.001
< 0.001
0.606
0.236
< 0.001
0.003

0.162
< 0.001
< 0.001
0.052
< 0.001
< 0.001
< 0.001
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Table 2. Analysis of variance summary of the effects of moisture regime (aquic and udic),
mound position (summit, backslope, toeslope, and inter-mound), and depth (0-90 cm in
10-cm intervals) on soil organic matter (SOM), total carbon (TC), total nitrogen (TN) C-to-N
ratio (C:N ratio), N fraction of SOM (Nfrac SOM), and C fraction of SOM (Cfrac SOM) in a native
tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
Bolded values are significant at P < 0.05.
Source of Variation

SOM

TC

TN

____________________________________

Moisture regime (MR)
Position (P)
Depth (D)
MR x P
MR x D
PxD
MR x P x D

0.004
0.181
< 0.001
0.083
0.140
< 0.001
0.019

< 0.001
0.009
< 0.001
0.387
0.005
< 0.001
< 0.001

0.272
0.580
< 0.001
0.391
0.522
0.417
0.530
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C:N
Ratio

Nfrac
SOM

Cfrac
SOM

P _________________________________
0.408
0.446
0.003
0.076
0.573 < 0.001
< 0.001 0.636 < 0.001
0.235
0.399
0.096
0.099
0.479
0.655
< 0.001 0.511 < 0.001
0.384
0.456 < 0.001

Table 3. Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit, backslope,
toeslope, and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on silt and clay concentrations and estimated wilting
point water (WP) content in a native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
Udic
Soil
Property
Silt (g g-1)

Clay (g g-1)
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WP
(cm3 cm-3)

†

Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Summit Backslope
0.69 a-f†
0.66 d-i
0.70 a-e
0.68 b-g
0.70 a-e
0.68 b-g
0.70 a-e
0.70 a-e
0.70 a-e
0.68 b-g
0.68 b-g
0.67 c-h
0.67 c-h
0.64 f-j
0.67 c-h
0.64 f-j
0.66 d-i
0.62 h-l
0.05 t
0.05 t
0.06 st
0.06 st
0.06 st
0.06 st
0.07 rst
0.08 q-t
0.08 q-t
0.10 p-t
0.09 p-t
0.11 o-s
0.10 p-t
0.11 o-s
0.12 n-r
0.16 k-o
0.13 m-q
0.18 j-m
0.070 s-w 0.067 t-w
0.062 vw 0.067 t-w
0.060 w
0.065 uvw
0.067 t-w 0.071 s-w
0.070 s-w 0.079 r-w
0.076 r-w 0.086 p-w
0.081 r-w 0.086 p-w
0.088 p-v
0.109 l-q
0.093 n-t
0.120 k-n

Toeslope
0.69 a-f
0.68 b-g
0.70 a-e
0.69 a-f
0.64 f-j
0.58 k-o
0.57 l-o
0.51 pqr
0.46 r
0.06 st
0.05 t
0.08 q-t
0.12 n-r
0.18 j-m
0.24 e-i
0.26 c-g
0.30 a-d
0.31 abc
0.076 r-w
0.067 t-w
0.075 r-w
0.096 n-s
0.125 j-m
0.155 f-i
0.165 c-h
0.187 a-e
0.192 abc

Aquic
Intermound
0.63 g-k
0.68 b-g
0.67 c-h
0.63 g-k
0.57 l-o
0.55 nop
0.51 pqr
0.48 qr
0.46 r
0.06 st
0.07 rst
0.11 o-s
0.18 j-m
0.25 d-h
0.27 b-f
0.30 a-d
0.33 a
0.30 a-d
0.082 q-w
0.76 r-w
0.093 n-t
0.129 i-l
0.162 e-h
0.171 b-g
0.187 a-e
0.205 a
0.190 a-d

Summit
0.71 a-d
0.72 abc
0.71 a-d
0.74 a
0.73 ab
0.73 ab
0.72 abc
0.70 a-e
0.71 a-d
0.07 rst
0.08 q-t
0.10 p-t
0.09 p-t
0.10 p-t
0.11 o-s
0.10 p-t
0.13 m-q
0.14 l-p
0.074 r-w
0.074 r-w
0.081 r-w
0.077 r-w
0.081 r-w
0.085 q-w
0.081 r-w
0.092 o-u
0.099 m-r

Backslope
0.69 a-f
0.74 a
0.73 ab
0.73 ab
0.71 a-d
0.68 b-g
0.67 c-h
0.65 e-i
0.56 m-p
0.08 q-t
0.08 q-t
0.10 p-t
0.13 m-q
0.16 k-o
0.19 i-l
0.20 h-k
0.21 g-k
0.27 b-f
0.084 q-w
0.078 r-w
0.083 q-w
0.096 n-s
0.113 k-p
0.126 j-m
0.129 i-l
0.133 i-l
0.171 b-g

All means for a soil property followed by different letters are signiﬁcantly different at the 0.05 level.

Toeslope
0.68 b-g
0.70 a-e
0.69 a-f
0.66 d-i
0.66 d-i
0.62 h-l
0.59 j-n
0.55 nop
0.55 nop
0.09 p-t
0.12 n-r
0.17 k-n
0.19 i-l
0.21 g-k
0.24 e-i
0.26 c-g
0.29 a-e
0.28 a-f
0.091 p-u
0.096 n-s
0.119 k-o
0.130 i-l
0.138 h-k
0.152 f-j
0.164 d-h
0.179 a-f
0.176 b-g

Intermound
0.64 f-j
0.71 a-d
0.67 c-h
0.67 c-h
0.63 g-k
0.61 i-m
0.59 j-n
0.54 nop
0.53 opq
0.09 p-t
0.12 n-r
0.17 k-n
0.20 h-k
0.23 f-j
0.26 c-g
0.27 b-f
0.31 abc
0.32 ab
0.093 n-t
0.095 n-s
0.120 k-n
0.132 i-l
0.149 g-j
0.165 c-h
0.171 b-g
0.192 abc
0.195 ab

Table 4. Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit, backslope,
toeslope, and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on total carbon (TC) and soil organic matter (SOM)
content and the C fraction of SOM (Cfrac of SOM) in a native tallgrass prairie with prairie mounds in the Ozark Highlands region
of northwest Arkansas.
Udic
Soil
Property
TC
(Mg ha-1)
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SOM
(Mg ha-1)

Cfrac of
SOM

†

Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Summit
31.0 b†
21.2 ef
18.9 f
18.6 f-j
15.8 i-m
13.7 m-q
14.0 l-q
9.9 r-w
7.7 u-A
50.3 cd
38.2 g-l
34.7 k-o
35.4 j-n
30.7 n-t
28.3 q-x
28.3 q-x
23.3 x-C
21.4 ABC
0.62 a
0.55 b-g
0.55 b-g
0.53 c-i
0.51 e-j
0.48 h-l
0.50 f-j
0.42 l-o
0.36 opq

Backslope
29.7 b
24.6 cd
19.8 fgh
18.4 f-j
14.1 l-p
12.4 o-r
11.8 p-t
7.6 u-A
5.9 y-E
50.4 cd
42.6 e-h
37.8 h-l
35.5 j-n
29.3 o-v
27.1 s-y
27.2 s-y
21.6 ABC
20.9 ABC
0.59 abc
0.58 a-d
0.52 d-j
0.52 d-j
0.48 h-l
0.46 j-m
0.43 k-n
0.35 pqr
0.28 s-v

Toeslope
31.5 b
24.7 c
20.8 efg
17.9 g-k
12.5 o-r
9.3 r-x
8.8 s-y
6.3 x-E
6.1 x-E
53.8 bc
44.6 ef
39.7 f-j
35.2 j-n
29.4 o-v
26.9 s-z
28.8 p-w
28.2 r-x
27.8 r-x
0.59 abc
0.55 b-g
0.52 d-j
0.51 e-j
0.42 l-o
0.34 p-s
0.30 q-t
0.23 u-y
0.21 w-z

Aquic
Intermound
35.6 a
26.2 c
21.4 def
17.2 h-l
10.4 r-u
6.8 w-C
7.0 v-B
5.5 z-E
4.3 B-E
59.7 a
47.7 de
41.6 f-i
36.6 i-m
29.7 o-u
25.5 t-A
29.0 p-w
28.3 q-x
27.6 r-x
0.60 ab
0.55 b-g
0.51 e-j
0.47 i-l
0.35 pqr
0.26 t-w
0.24 t-x
0.19 xyz
0.16 z

Summit
23.7 cde
19.3 fgh
16.7 h-m
17.4 h-k
13.9 m-q
12.5 o-r
13.8 m-q
9.1 s-y
8.1 u-z
43.1 efg
37.2 i-m
33.7 l-p
33.6 l-p
29.9 o-u
27.5 r-x
29.0 o-w
23.8 w-B
21.5 ABC
0.55 b-g
0.52 d-j
0.50 f-j
0.52 d-j
0.46 j-m
0.46 j-m
0.48 h-l
0.38 nop
0.37 nop

Backslope
29.5 b
21.4 def
16.9 h-m
15.0 k-p
10.1 r-v
7.0 v-B
6.0 y-E
3.5 DE
3.7 CDE
52.3 bcd
40.3 f-j
33.5 l-q
31.1 n-s
24.8 u-B
19.8 BCD
20.1 BCD
15.4 D
18.5 CD
0.56 a-f
0.53 c-i
0.51 e-j
0.48 h-l
0.40 m-p
0.36 opq
0.29 r-u
0.22 v-z
0.20 w-z

Toeslope
31.3 b
18.7 f-i
11.9 p-s
10.8 q-u
8.8 s-y
6.2 x-E
5.5 z-E
3.9 B-E
3.2 E
55.3 abc
37.2 i-m
27.6 r-x
27.1 s-y
24.3 v-B
22.0 y-C
21.7 z-C
20.0 BCD
18.2 CD
0.57 a-e
0.50 f-j
0.42 l-o
0.38 nop
0.36 opq
0.29 r-u
0.26 t-w
0.19 xyz
0.17 yz

All means for a soil property followed by different letters are significantly different at the 0.05 level.

Intermound
30.9 b
19.2 fgh
15.4 j-o
11.8 p-t
8.6 t-z
6.9 v-C
6.6 x-D
4.5 A-E
3.9 B-E
57.1 ab
39.0 g-k
32.5 m-r
28.3 q-x
24.7 u-B
23.3 x-C
23.4 x-C
20.2 BCD
20.1 BCD
0.54 b-h
0.49 g-k
0.47 i-l
0.42 l-o
0.35 pqr
0.29 r-u
0.28 s-v
0.22 v-z
0.19 xyz

Table 5. Summary of the combined effects of mound position (summit, backslope, toeslope, and
inter-mound) and depth (0-90 cm in 10-cm intervals) on sand concentration, estimated bulk
density (BD), estimated field capacity (FC) water content, and estimated saturated hydraulic
conductivity (Ksat) in a native tallgrass prairie with prairie mounds in the Ozark Highlands region
of northwest Arkansas.
Depth
Summit
Backslope
Toeslope
Inter-mound
(cm)
Sand (g g-1)
0-10
0.24 bcd†
0.27 ab
0.25 bc
0.30 a
10-20
0.23 cde
0.22 c-f
0.23 cde
0.21d-g
20-30
0.22 c-f
0.22 c-f
0.18 g-j
0.19 f-i
30-40
0.21 d-g
0.18 g-j
0.17 hij
0.16 ij
40-50
0.20 e-h
0.18 g-j
0.15 j
0.16 ij
50-60
0.20 e-h
0.18 g-j
0.16 ij
0.15 j
60-70
0.20 e-h
0.20 e-h
0.16 ij
0.17 hij
70-80
0.19 f-i
0.17 hij
0.18 g-j
0.17 hij
80-90
0.18 g-j
0.19 f-i
0.20 e-h
0.20 e-h
BD (g cm-3)
0-10
1.27 k
1.22 l
1.17 m
1.14 m
10-20
1.37 gh
1.33 ij
1.33 ij
1.30 jk
20-30
1.40 efg
1.38 fgh
1.38 fgh
1.35 hi
30-40
1.40 efg
1.39 fg
1.39 fg
1.37 gh
40-50
1.43 cde
1.44 bcd
1.41 def
1.39 fg
50-60
1.45 abc
1.45 abc
1.41 def
1.39 fg
60-70
1.44 bcd
1.45 abc
1.39 fg
1.38 fgh
70-80
1.47 ab
1.48 a
1.40 efg
1.38 fgh
80-90
1.48 a
1.45 abc
1.41 def
1.40 efg
FC (cm3 cm-3)
0-10
0.286 k-p
0.285 l-p
0.300 hij
0.293 j-n
10-20
0.277 p
0.286 k-p
0.288 k-p
0.296 jkl
20-30
0.277 p
0.281 op
0.301 g-j
0.308 ghi
30-40
0.282 nop
0.294 j-m
0.313 fg
0.324 ef
40-50
0.283 m-p
0.297 ijk
0.324 ef
0.338 cd
50-60
0.284 m-p
0.301 g-j
0.334 de
0.345 bcd
60-70
0.284 m-p
0.297 ijk
0.341 bcd
0.350 ab
70-80
0.288 k-p
0.309 gh
0.348 bc
0.361 a
80-90
0.292 j-o
0.322 f
0.346 bc
0.352 ab
Ksat (mm hr-1)
0-10
43.7 c
54.1 b
53.5 b
63.4 a
10-20
31.1 def
33.8 d
32.8 de
32.5 de
20-30
26.2 fgh
27.5 efg
20.3 h-k
20.1 ijk
30-40
25.0 ghi
21.3 hij
14.4 k-n
12.2 l-q
40-50
19.9 jk
15.1 k-n
9.4 n-t
7.0 p-t
50-60
17.5 j-m
11.9 l-r
7.1 p-t
6.1 rst
60-70
17.8 jkl
12.7 l-p
6.7 q-t
5.9 st
70-80
13.3 l-o
8.0 o-t
5.5 t
4.6 t
80-90
11.8 m-s
7.0 p-t
5.0 t
4.9 t
†
All means for a soil property followed by different letters are significantly different at the 0.05
level.
Soil Property
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Table 6. Analysis of variance summary of the effects of soil moisture regime (aquic and udic), mound position (summit, backslope,
toeslope, and inter-mound), and depth (0-90 cm in 10-cm intervals) on soil pH and electrical conductivity (EC) and extractable soil
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), sodium (Na), iron (Fe), manganese (Mn), zinc (Zn), and
copper (Cu) contents in a native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas. Bolded
values are significant at P < 0.05.
Source of Variation

pH

EC

P

K

Ca

Mg

S

Na

Fe

Mn

Zn

Cu

_________________________________________________________________________ _______________________________________________________________________

P

Moisture regime (MR)
Position (P)
Depth (D)
MR x P
MR x D
PxD
MR x P x D

0.523
< 0.001
< 0.001
0.009
< 0.001
0.766
0.069

0.270
0.008
< 0.001
0.288
0.465
0.963
0.922

0.938
< 0.001
< 0.001
< 0.001
0.908
0.007
0.428

0.106
0.152
< 0.001
0.032
< 0.001
< 0.001
0.032

0.116
0.037
< 0.001
0.319
< 0.001
0.026
< 0.001

0.233
0.002
< 0.001
0.209
< 0.001
< 0.001
< 0.001

0.530
< 0.001
< 0.001
0.001
< 0.001
0.013
0.013

0.004
0.123
< 0.001
0.324
< 0.001
0.197
0.203

0.174
0.015
< 0.001
0.484
0.773
0.007
0.230

0.010
0.116
< 0.001
0.141
< 0.001
< 0.001
< 0.001

0.175
< 0.001
< 0.001
0.958
< 0.001
< 0.001
0.003

0.017
< 0.001
< 0.001
0.247
< 0.001
0.070
0.011
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Table 7. Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit, backslope, toeslope,
and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on extractable soil potassium (K), calcium (Ca), and magnesium
(Mg) contents in a native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
Udic
Soil
Property
K
(kg ha-1)

Ca
(kg ha-1)

90
Mg
(kg ha-1)

†

Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Summit
114.6 a†
85.6 c-l
78.0 d-n
76.6 d-q
64.3 j-y
65.6 i-x
73.3 f-t
69.4 g-v
77.5 d-o
459.4 c-h
229.6 i-v
316.1 f-r
421.8 c-k
393.3 d-m
320.5 f-q
304.0 f-t
227.0 j-v
199.5 l-v
63.9 g-o
31.4 m-s
39.4 k-s
49.3 i-s
40.6 j-s
33.5 m-s
33.4 m-s
24.2 n-s
23.9 n-s

Backslope
108.1 abc
98.3 a-d
95.0 a-f
95.8 a-f
66.1 i-x
58.3 m-A
72.6 f-t
61.7 l-z
75.2 d-s
400.3 d-l
307.7 f-s
285.5 f-v
282.2 f-v
260.7 h-v
217.5 j-v
215.7 j-v
171.2 n-v
171.4 n-v
63.3 g-q
40.6 j-s
34.9 l-s
34.9 l-s
28.0 m-s
24.2 n-s
26.8 n-s
21.6 n-s
25.5 n-s

Toeslope
72.0 f-u
52.7 q-A
53.1 p-A
50.5 t-A
50.9 t-A
56.8 m-A
65.5 i-x
80.1 d-m
89.2 b-i
565.8 b-e
500.0 c-f
592.1bcd
445.6 c-i
317.8 f-r
281.7 g-v
273.3 h-v
215.0 j-v
186.9 l-v
87.4 c-j
63.6 g-p
68.5 f-n
59.6 g-r
50.9 i-s
59.6 g-r
77.5 e-m
99.2 b-i
125.5 a-e

Aquic
Intermound
73.8 e-t
55.1 n-A
46.9 v-A
77.0 d-p
59.2 m-A
68.6 g-v
76.3 d-r
92.2 a-g
77.0 d-p
837.3 a
822.6 a
782.6 ab
624.9 abc
498.3 c-g
380.4 d-o
335.0 f-q
269.1 h-u
204.8 k-v
131.3 a-d
88.4 c-k
83.8 d-l
89.9 c-j
103.5 b-h
107.1 b-h
118.2 a-f
121.8 a-e
95.4 b-i

Summit
113.3 ab
67.8 h-w
54.1 n-A
56.6 m-A
48.3 u-A
46.0 v-A
54.9 n-A
47.6 v-A
52.2 r-A
170.3 n-v
82.9 uv
87.2 tuv
100.8 r-v
95.6 s-v
93.7 s-v
101.3 r-v
80.8 v
90.4 s-v
26.9 n-s
13.4 qrs
11.5 rs
13.7 p-s
10.0 rs
9.6 rs
12.1 rs
9.2 s
9.8 rs

Backslope
91.6 a-h
43.6 x-A
41.0 yzA
42.5 x-A
42.3 x-A
52.1 s-A
59.6 m-A
59.7 m-A
88.4 c-j
428.8 c-j
164.7 o-v
179.0 m-v
165.4 o-v
128.6 q-v
147.3 p-v
176.5 m-v
186.6 l-v
319.8 f-q
54.6 h-s
14.8 o-s
10.7 rs
12.5 rs
10.4 rs
16.9 o-s
29.2 m-s
64.6 g-o
162.9 a

All means for a soil property followed by different letters are significantly different at the 0.05 level.

Toeslope
76.2 d-s
39.5 zA
40.5 yzA
45.7 v-A
53.4 o-A
59.3 m-A
72.4 f-u
77.2 d-p
84.8 c-l
401.7 d-l
159.9 p-v
134.7 q-v
170.5 n-v
157.5 p-v
199.8 l-v
246.4 h-v
299.9 f-u
329.1 f-u
40.9 j-s
11.4 rs
12.1 rs
21.2 n-s
29.0 m-s
42.3 j-s
77.5 e-m
106.9 b-g
136.5 abc

Intermound
63.5 k-z
35.8 A
40.4 yzA
44.0 w-A
53.5 o-A
62.0 l-z
72.7 f-t
87.2 c-k
97.8 a-e
399.9 d-l
190.7 l-v
167.9 o-v
160.3 p-v
189.4 l-v
240.0 i-v
269.2 h-v
354.2 e-p
385.8 d-n
42.8 j-s
10.5 rs
11.8 rs
21.1 n-s
40.9 j-s
63.3 g-q
77.8 e-m
127.2 a-e
141.4 ab

Table 8. Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit, backslope, toeslope,
and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on extractable soil manganese (Mn) and zinc contents in a native
tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
Udic
Aquic
Depth
Inter(cm)
Summit Backslope Toeslope mound
Summit Backslope Toeslope
0-10 116.6 f-i† 102.2 f-q 108.0 f-o 121.8 f-k
182.1 b-e 196.7 a-d
246.6 a
10-20 114.4 f-m
86.4 h-v
81.6 h-w 66.7 k-z
131.7 e-i 151.5 c-f 136.8 d-h
20-30
99.5 f-r
69.4 k-y
48.0 o-C 39.2 s-B
147.6 c-g 104.6 f-p
64.2 k-A
30-40 87.6 g-u
52.2 n-C 24.4 w-C 26.1 w-C
131.5 e-i
90.2 g-t
71.1 j-y
40-50 67.7 k-z
36.1 t-C
7.5 z-C
4.7 ABC
114.7 f-l 54.2 m-C
71.0 j-y
50-60 51.4 n-C
27.2 v-C
2.2 C
3.8 BC
94.4 f-t
42.3 q-C
58.7 l-C
60-70 47.9 o-C
35.0 t-C
5.8 C
4.8 ABC
111.4 f-n
60.0 l-C
69.0 k-y
70-80 29.7 u-C
17.9 x-C
1.8 C
2.0 C
83.7 h-w 63.9 k-B 203.7 abc
80-90 27.2 v-C
14.0 y-C
3.3 C
3.8 BC
77.2 h-x
41.6 r-C
240.5 ab
Zn
0-10
3.37 a
2.40 bc
2.00 cde
2.68 b
1.75 d-g
1.86 c-f
1.61 d-h
-1
(kg ha )
10-20
2.06 cd
1.62 d-h
0.79 k-r
0.77 k-r
1.27 f-m
0.81 j-r
0.56 pqr
20-30
1.54 d-i
1.23 g-n
0.70 l-r
0.68 m-r
1.23 g-n
0.61 pqr
0.45 qr
30-40
1.31f-k
0.86 j-r
0.80 k-r
1.06 h-p
1.30 f-l
0.56 pqr
0.54 pqr
40-50
0.86 j-r
0.63 n-r
0.94 i-r
0.45 qr
1.02 h-q
0.49 pqr
0.47 pqr
50-60
0.72 k-r
0.68 m-r
0.74 k-r
0.49 pqr
0.83 j-r
0.47 pqr
0.54 pqr
60-70
0.89 j-r
0.79 k-r
0.82 j-r
0.76 k-r
1.22 g-o
0.77 k-r
0.63 n-r
70-80
0.79 k-r
0.63 n-r
0.80 k-r
0.65 n-r
0.83 j-r
0.65 n-r
0.53 pqr
80-90
0.83 j-r
0.59 pqr
1.26 f-m 0.69 m-r
0.91 j-r
0.61 pqr
0.62 o-r
†
All means for a soil property followed by different letters are significantly different at the 0.05 level.
Soil
Property
Mn
(kg ha-1)

91

Intermound
250.1 a
131.0 e-j
68.9 k-y
45.4 p-C
38.0 t-C
41.6 r-C
76.2 i-x
152.1 c-f
99.4 f-s
1.41 e-j
0.41 r
0.65 n-r
0.44 qr
0.38 r
0.39 r
0.63 n-r
0.64 n-r
0.55 pqr

Table 9. Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit, backslope, toeslope,
and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on extractable soil copper (Cu) and sulfur (S) contents in a native
tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
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Udic
Aquic
Soil
Depth
InterProperty (cm) Summit Backslope Toeslope
mound
Summit Backslope Toeslope
Cu
0-10 1.31 i-t†
1.20 m-v
1.20 m-v
1.33 i-s
1.51 c-n
1.44 e-o
1.58 c-j
-1
(kg ha ) 10-20 1.36 h-r
1.21 l-v
1.04 q-y
1.03 r-z
1.58 c-j
1.53 c-n
1.66 c-i
20-30 1.34 i-s
1.05 p-x
0.95 u-z
0.77 x-C
1.72 c-g
1.56 c-l
1.23 j-v
30-40 1.22 k-v
0.92 v-A
0.83 w-B 0.68 z-C
1.66 c-i
1.26 j-v
1.23 j-v
40-50 1.12 o-x
0.91 v-A
0.69 y-C
0.51 BC
1.71 c-h
1.31 i-t
1.21 l-v
50-60 1.00 s-z
0.93 u-A
0.59 ABC
0.44 C
1.75 c-f
1.19 n-v
1.23 j-v
60-70 1.28 j-u
1.35 i-s
0.97 t-z
1.03 r-z
2.27 a
1.72 c-g
1.82 cd
70-80 1.37 g-r
1.57 c-k
1.03 r-z
1.11 o-x
2.19 ab
1.39 g-q
1.75 c-f
80-90 1.40 f-p
1.18 n-w
1.55 c-m
0.93 u-A
2.35 a
1.85 bc
1.77 cde
S
0-10 48.6 a-g
52.2 a-d
34.6 g-t
38.8 d-n
45.5 a-h
31.7 h-w
30.5 i-w
-1
(kg ha ) 10-20
58.0 a
56.0 abc
36.9 e-r
29.7 j-w
52.1 a-d
39.1 d-m
37.3 e-q
20-30 40.2 d-l
43.1 b-j
32.2 h-v
25.9 m-y
56.9 ab
42.6 c-j
32.7 h-v
30-40 38.6 d-o
35.6 f-s
27.5 k-x
29.4 j-w
48.7 a-f
37.9 e-p
22.9 r-A
40-50 37.1 e-q
33.8 h-t
33.3 h-u
29.2 j-x
50.8 a-e
27.6 k-x
22.1 s-A
50-60 35.5 f-s
33.6 h-t
26.9 l-y
26.4 l-y
44.1 a-i
23.3 q-A
26.3 l-y
60-70 34.9 f-t
34.8 f-t
25.7 m-y
27.2 k-y
44.0 a-i
20.9 t-A
15.2 x-A
70-80 37.1 e-p
29.5 j-w
24.8 n-z
24.6 o-z
41.2 d-k
11.0 zA
13.3 yzA
80-90 38.4 d-o
23.9 p-z
23.0 r-A
19.4 u-A
34.1 h-t
9.4 A
9.4 A
†
All means for a soil property followed by different letters are significantly different at the 0.05 level.

Intermound
1.46 e-o
1.48 d-n
1.25 j-v
1.11 o-x
1.12 o-x
1.23 j-v
1.79 cde
1.72 c-g
1.77 cde
34.5 h-t
36.3 f-r
37.7 e-p
26.0 m-y
25.1 m-y
17.7 w-A
21.4 t-A
19.1 v-A
22.9 r-A

Table 10. Summary of the combined effects of mound position (i.e., summit, backslope,
toeslope, and inter-mound) and depth (i.e., 0-90 cm in 10-cm intervals) on the soil carbon-tonitrogen ratio (C:N Ratio) and extractable soil phosphorus (P) and iron (Fe) contents in a native
tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest Arkansas.
Soil
Property
C:N Ratio

P
(kg ha-1)

Fe
(kg ha-1)

†

Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Summit
10.7 a-g†
10.8 a-g
10.8 a-g
11.3 a-d
11.1 a-e
10.9 a-g
11.1 a-e
10.1 b-h
9.6 c-i
54.1 a
48.3 b
40.2 cd
38.6 cde
36.3 def
32.2 fgh
31.1 ghi
28.2 hij
25.9 jk
175.0 abc
181.0 a
173.7 abc
166.4 a-d
162.5 cde
154.0 def
153.1 d-g
140.5 f-k
138.0 h-l

Backslope
10.8 a-g
11.4 abc
11.4 abc
11.4 abc
10.5 a-g
9.5 d-j
9.2 f-l
7.7 j-o
6.9 no
41.8 c
34.0 efg
26.9 ijk
22.4 kl
16.6 mn
14.4 no
14.4 no
9.7 opq
5.7 q-t
161.4 cde
165.1 b-e
154.2 def
142.0 f-j
131.7 i-m
124.5 lmn
127.2 j-m
111.6 nop
104.0 p

Toeslope
10.9 a-g
11.0 a-f
10.7 a-g
9.3 e-k
8.5 h-n
7.4 l-o
6.8 no
6.2 o
7.3 mno
25.5 jk
20.5 lm
15.9 mn
10.7 op
11.0 op
7.4 p-s
4.7 rst
2.7 st
1.9 t
169.5 abc
165.1 b-e
151.1 e-h
141.8 f-j
138.5 g-l
130.0 i-m
126.6 klm
127.7 j-m
123.6 lmn

Inter-mound
10.5 a-g
12.2 a
11.5 ab
10.9 a-g
9.1 g-m
8.6 h-n
7.9 j-o
7.5 k-o
6.6 o
25.2 jkl
15.9 mn
12.7 no
9.7 opq
7.7 pqr
4.0 rst
3.8 rst
1.9 t
1.8 t
179.1 ab
170.9 abc
166.4 a-d
153.6 def
144.8 f-i
119.5 mno
120.5 mno
106.1 op
100.3 p

All means for a soil property followed by different letters are significantly different at the 0.05 level.
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Figure 1. Map depicting the distribution of prairie or mima mounds within the United
States. Dark regions indicate where prairie mounds are known to be present and lightly
shaded regions indicate where prairie-like mounds are present (Johnson and Burnham,
2012).
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Figure 2. Map depicting the approximate location of Chesney Prairie located within the
Ozark Highlands (MLRA 116A) region of northwest Arkansas. Map adapted from Brion
et al. (2011).
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Figure 3. Soil depth effects on estimated field capacity (FC), estimated saturated
hydraulic conductivity, soil pH, and extractable soil sodium in aquic and udic soils in a
native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest
Arkansas. Means for a soil property with different letters are significantly different at the
0.05 level.
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Figure 4. Mound position [mound summit (S), mound backslope (B), mound toeslope (T), and
inter-mound (IM)] effects on extractable soil phosphorus (P) and pH in aquic and udic soils in a
native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest
Arkansas. Means for a soil property with different letters are significantly different at the 0.05
level.
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Figure 5. Soil depth effects on soil total nitrogen (TN) and electrical conductivity (EC) in a
native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest
Arkansas. Means for a soil property with different letters are significantly different at the 0.05
level.
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Figure 6. Mound position [mound summit (S), mound backslope (B), mound toeslope (T) and
inter-mound (IM)] effects on soil electrical conductivity (EC) in a native tallgrass prairie with
prairie mounds in the Ozark Highlands region of northwest Arkansas. Means for a soil property
with different letters are significantly different at the 0.05 level.
.
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Chapter 3
Soil Moisture Regime and Mound Position Effects on Volumetric Water Content and
Vegetation in a Native Tallgrass Prairie in the Ozark Highlands
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Abstract
Prairie mounds are unique soil surface features still present in undisturbed, native
tallgrass prairie remnants. As tallgrass prairies are continually degraded due to agricultural and
urban expansion, prairie mounds will become increasingly scarce. The objective of this field
study was to determine how soil volumetric water contents are affected by soil depth (i.e., 10, 20,
30, and 50 cm), mound position (i.e., mound summit and inter-mound), soil moisture regime
(i.e., udic and aquic), and their interactions over time, and to quantify the effects of soil moisture
regime (i.e., udic and aquic), mound position (i.e., mound summit and inter-mound), sample
date, and their interactions on aboveground prairie vegetation. Soil volumetric water content
measurements were made continuously from April 2017 to June 2018 and vegetation was
sampled in June and August 2017 and in May and August 2018. The maximum soil volumetric
water content for selected rainfall events was approximately 2.5 times greater at the 10-cm depth
in the aquic inter-mound compared to the udic mound at 30 cm. The minimum soil volumetric
water content for selected rainfall events ranged from 0.29 cm 3 cm-3 at the 50-cm depth in the
aquic inter-mound to 0.11 cm3 cm-3 in the udic mound at 30 cm. The soil dry-down rate differed
(P = 0.01) between seasons among soil depths and was greatest (0.029 cm3 cm-3 day-1) during the
dry season (June – August) at 10 cm and numerically smallest (0.009 cm3 cm-3 day-1) during the
wet season (September – May) at 30 cm. Additionally, soil dry-down rates differed (P < 0.01)
between soil moisture regimes among soil depths and were four times greater in the udic soil at
10 cm compared to the aquic soil at 30 cm. Total aboveground dry matter differed (P = 0.04)
among soil moisture regime-mound position-sample date combinations and was numerically
largest (8489 kg ha-1) at the aquic summit in August 2018 and numerically smallest (1280 kg ha 1

) at the aquic inter-mound in May 2018. Grass dry matter differed (P = 0.02) between soil
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moisture regimes over time and was numerically largest (5027 kg ha-1) in the aquic soil moisture
regime in August 2018 and numerically smallest (814 kg ha -1) in the aquic soil moisture regime
in May 2018. The results of this study clearly demonstrate the effects that prairie mound
topography and differing soil moisture regimes have on soil volumetric water contents and
prairie vegetation, and therefore, suggest that management and restoration efforts need to
account for mound topography and soil moisture regime in order to be most successful.
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Introduction
Before the onset of European agriculture, 1.62 x 108 ha of prairie covered the vast area of
land from Canada to Mexico and from the Rocky Mountains to western Indiana, known as the
Great Plains (Samson and Knopf, 1994; Brye et al., 2004). Tallgrass prairies once encompassed
6.0 x 107 ha from Canada and Minnesota to south to Texas and were the dominant pre-settlement
vegetation type in the eastern third of the Great Plains (Samson and Knopf, 1994; Steinauer and
Collins, 1996). Since 1830, tallgrass prairie loss in the United States is estimated between 82 to
99%, exceeding the loss of any other major ecosystem in North America (Samson and Knopf,
1994). Due to the substanital prairie loss, tallgrass prairies are now considered to be North
America’s most endangered ecosystem (Samson and Knopf, 1996). Factors including conversion
to farmland, introduction of non-native forage crops, woody plant encroachment, overgrazing,
and urban expansion have contributed to the reduction of tallgrass prairies in North America
(Samson and Knopf, 1994; Hinten, 2012).
Tallgrass prairies are the most mesic prairie variety, and as a result, multiple resources,
including soil moisture, may control net primary productivity (NPP) in this ecosystem (Briggs
and Knapp, 1995). Evidence of differing soil moisture dynamics in mounded and inter-mound
soil have been described in various field studies (Ross et al., 1968; Allgood and Gray, 1973;
Carty et al., 1988). Research has generally concluded that inter-mound soils are wetter, often
possessing greater water contents, than mounded soil profiles (Ross et al., 1968; Allgood and
Gray, 1973; Carty et al., 1988). Water content measurements conducted by Ross et al. (1968) on
a silt-loam surface in northwestern Minnesota indicated that mounded soils contained lower
water contents at respective depths compared to the inter-mound soil. Profile descriptions of
mounded and inter-mound soils have noted that redoximorphic (redox) concentrations and
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depletions occur at shallower depths in inter-mound soils, further substantiating that inter-mound
soils are wetter than mounded soil (Allgood and Gray, 1973; Lee and Carter, 2010). Common
depletions were identified in the surface horizon of an inter-mound profile, whereas depletions
were absent in the corresponding mounded profile in the top 85 cm in the Arkansas River valley
within the Ouachita physiographic province (Lee and Carter, 2010). Crayfish (Cambarus spp.)
chimneys are commonly reported in inter-mound soils, but are rarely present in mounded soils,
which again suggests that inter-mounds contain more moisture than mounded soils (Carty et al.,
1988; Lee and Carter, 2010). Additionally, studies have indicated that water is retained longer in
inter-mound profiles than in mounded soils (Carty et al., 1988). Water is likely retained in the
inter-mound for longer periods of time because mounded positions have greater permeability and
internal drainage and lower clay contents than inter-mound soils, which increases water
movement through the mounded soil profile (Carty et al., 1988).
The differing water dynamics between mounded and inter-mound soil profiles described
in previous studies would likely lead to differences in biomass production and differing plant
communities between the mound positions. Studies have characterized herbage production on
mounds compared to inter-mounds, differences in vegetation composition (i.e., grass or forb
dominated), as well as similarities between plant composition of mounds and inter-mounds
(McGinnies, 1960; Ross et al., 1968; Allgood and Gray, 1974; Brotherson, 1982). Studies
conducted by Allgood and Gray (1974) on a silt-loam surface in eastern Oklahoma and
McGinnies (1960) on a silt loam soil in Colorado analyzed herbage production of mounds
compared to inter-mound mound positions and concluded that mounds generally produce more
biomass than inter-mounds. A study conducted by McGinnies (1960) in Colorado on a silt loam
mounded soil and a loam inter-mound soil noted that the air-dry herbage yields were 94, 180,
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323, 358, and 542% greater on seeded mounds than on seeded inter-mounds for intermediate
wheatgrass (Thinopyrum intermedium), crested wheatgrass [Agropyron cristatum (L.) Gaertn.],
smooth brome (Bromus inermis Leyss.), Russian wildrye [Psathyrostachys juncea (Fisch.)
Nevski], and big bluegrass (Poa secunda J. Presl), respectively.
Studies analyzing whether grasses or forbs were more abundant on mounded positions
have yielded mixed results (Ross et al., 1968; Allgood and Gray, 1974). Scientists have
hypothesized that mounds containing pocket gophers (Geomys busarius) will tend to be
dominated by grasses, as pocket gophers primarily feed on forb species (Allgood and Gray,
1974; Mielke, 1977). Additionally, mound size may determine whether grasses or forbs are the
dominant form of vegetation (Ross et al., 1968). At the Waubon Prairie in northwestern
Minnesota on a silt-loam surface, small mounds were generally dominated by grasses, whereas
medium-sized mounds were forb-dominant, and large mounds were comprised mostly of shrubs
(Ross et al., 1968). Additionally, vegetation differences between mounds and the surrounding
prairie occur because mounded soils exhibit increased biological soil disturbance compared to
inter-mound soils (Brotherson, 1982). As soil is continually disturbed, vegetation succession
occurs, which promotes the abundance of pioneer forb species and other disturbance-tolerant
plants (Ross et al., 1968; Brotherson, 1982).
Studies determining whether plant species richness was greater on mound or inter-mound
mound positions have also provided mixed results. Brotherson (1982) concluded that the species
richness on the mound was only slightly larger than the species richness of the corresponding
inter-mound in Iowa, with 51 plant species identified on the mounds and 48 species identified in
the inter-mound on soils with loam, clay loam, and silty clay loam soil textures (Brotherson,
1982, 1983). Of the 51 plant species present on the mounds, 38 of the species were also present
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in the adjacent prairie (Brotherson, 1982). Conversely, Allgood and Gray (1974) noted that 18
plant species were identified on inter-mound soils, whereas 13 plant species were identified on
mounded soils on a silt-loam soil in eastern Oklahoma. Of the 18 species located on inter-mound
soils, six species were also located on mounded soils (Allgood and Gray, 1974). Although the
studies may disagree on whether species richness was greater in mound or inter-mound soils,
both studies demonstrated that a degree of dissimilarity between plant species comprising
mounds and inter-mounds exists. Scientists have hypothesized the reason for the dissimilarity
between mounds and inter-mounds is due to the microtopographic variation of the mounds
compared to inter-mound soils (Del Moral and Deardorff, 1976; Brotherson, 1982).
Studies analyzing soil moisture with time and vegetation in tallgrass prairies within the
Ozark Highlands are of interest as the Ozark Highlands occupies a topographic, climatic, and
botanical transition zone from the grassland dominated Great Plains to the west and northwest
and from the warm and wetter forest to the east and southeast (Brye et al., 2004; Brye and West,
2005; Brye et al., 2008) The Ozark Highlands, Major Land Resource Area (MLRA) 116A,
occupies portions of eastern Oklahoma, northwestern and north-central Arkansas and
southwestern to south-central Missouri and is approximately 85,720 km2 (USDA-NRCS, 2017).
The Ozark Highlands land cover distribution is characterized as approximately 54% forest, 33%
grasslands, 5% cropland 4% urban development, 3% water, and 1% other (USDA-SCS, 2006).
The forested region of the Ozark Highlands is inhabited by oak (Quercus spp.), hickory (Carya
spp.), and shortleaf pine (Pinus echinata Mill.) (USDA-SCS, 2006). Common grassland species
present in the Ozark Highlands include fescue (Festuca L.), big bluestem (Andropogon gerardii
V.), little bluestem [Schizachyrium scoparium (Michx.) Nash], indiangrass [Sorghastrum nutans
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(L.) Nash], and dropseeds (Sporobolus spp.) (USDA-SCS, 2006). Corn (Zea mays L.) and
soybean [Glycine max (L.) Merr.] are agronomic crops typically grown in the Ozark Highlands
Alfisols and Ultisols are the dominant soil orders present in the Ozark Highlands (Brye et
al., 2013). Limestone, dolomite, and occasionally sandstone are common parent materials in the
region (Brye et al., 2013). Argillic horizons have developed over time as physical and chemical
weathering has caused the cherty limestone parent material to disintegrate into chert and clay
(Brye et al., 2013). Soils in the Ozark Highlands are shallow to very deep, moderately well- to
excessively drained, and medium- to fine-textured (Brye et al., 2013).
Prairie mounds have been described as soils with special scientific value, but relatively
little research has been conducted on undisturbed prairie mounds in native tallgrass prairies
(Drohan and Farnham, 2006). Most research of prairie mounds has occurred on the west coast
(Dalquest and Scheffer, 1942; Cox, 1984; Del Moral and Deardorff, 1976), but few studies have
been performed in the mid-southern region of the United States. Additionally, most prairie
mound research has focused on determining valid hypotheses for mound formation, while
various aspects of prairie mounds have been studied specifically in northwest Arkansas (Quinn,
1961; Guccione et al., 1991), in northeast Arkansas (Archuleta, 1980), and in central and
southern Arkansas (Seifert et al., 2009; Lee and Carter, 2010). Though various studies have
reported soil moisture differences between mound and inter-mound areas, none of the studies
evaluated soil moisture dynamics over extended time periods and multiple seasons. In additional,
potential vegetation differences in mounded ecosystems in Arkansas have not been researched.
Therefore, the objective of this field study was two-fold: i) characterize soil volumetric water
content (VWC) differences between landscape positions (i.e., mound summit and inter-mound)
over time and among soil depths (i.e., 10, 20, 30, and 50 cm) in contrasting soil moisture regimes
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(i.e., aquic and udic), and ii) determine the effect of landscape position (i.e., mound and intermound), soil moisture regime (i.e., aquic and udic), and time on vegetative properties [i.e., total
productivity, total diversity, species evenness, species richness, vegetation similarity, and grass
abundance compared to other species abundance (i.e., sedges, rushes and forbs)] in a native
tallgrass prairie in the Ozark Highlands region of northwest Arkansas. It was hypothesized that
numerous differences in soil moisture, vegetation, and soil morphology would exist with depth
among the various mound positions across soil moisture regimes.

Materials and Methods
Site Description
Research for this field study began in April 2017 at the Chesney Prairie Natural Area,
hereafter referred to as Chesney Prairie, located near Siloam Springs, Benton County, Arkansas
(36°13’12” N lat., 94°28’57” W long.). Chesney Prairie is part of the Ozark Highlands (MLRA
116A; Figure 2; USDA-NRCS, 2017).
The Chesney Prairie (Figure 2) is a tallgrass prairie that has been managed by the
Arkansas Natural Heritage Commission (ANHC) since 2000 (ANHC, 2016). Chesney Prairie is a
33-ha remnant of prairie ecosystems that formerly encompassed over 30,000 ha of the Ozark
Plateau and is one of few prairie remnants on the Arkansas portion of the Springfield Plateau
(Holimon et al., 2013). In addition, Chesney Prairie, and nearby Stump Prairie, are the two
remaining native prairie remnants of Lindsley’s Prairie, which once encompassed approximately
6200 ha around present-day Siloam Springs, AR (Neal and Mlodinow, 2012).
Chesney Prairie is a diverse prairie that supports over 450 plant species, including 290
native plant species and 18 rare plant species (Holimon et al., 2013). Big bluestem (Andropogon
gerardii V.), little bluestem [Schizachyrium scoparium (Michx.) Nash], indiangrass
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[Sorghastrum nutans (L.) Nash], and switchgrass (Panicum virgatum) are typical prairie grasses
present at Chesney Prairie (Neal and Mlodinow, 2012). Common forb species inhabiting
Chesney Prairie include large flower tickseed (Coreopsis grandiflora), prairie grayfeather
(Liatris pycnostachya), and rattlesnake master (Eryngium yuccifloium). Periodic prescribed burns
and invasive species eradication are management practices currently used to increase the native
plant population (Neal and Mlodinow, 2012). Prescribed burning has occurred approximately
every three years, with the last burn occurring in January 2017.
Chesney Prairie contains two soil series: Jay silt loam (fine-silty, mixed, active, thermic
Oxyaquic Fragiudalf), which is in an udic soil moisture regime, and Taloka silt loam (fine,
mixed, active, thermic Mollic Albaqualfs), which is in an aquic soil moisture regime (SSSNRCS-USDA, 2000, 2015). The macro-scale slope is approximately 4% and the land surface
undulates some throughout the entire Chesney Prairie area. However, slopes are ≤ 2% within
each soil mapping unit (Brye et al., 2004). Numerous prairie mounds are present at Chesney
Prairie and the prairie is divided by Sager Creek, an ephemeral stream. The prairie mounds are ~
20.9 m in diameter, ~ 0.7 m in height, and are roughly circular.
The mean average air temperature throughout the region containing the Chesney Prairie
over the past 30 years was 14.9°C, with an average January minimum of 2.9°C and an average
July maximum of 26.1°C (NOAA, 2017). The mean annual precipitation over the past 30 years
was 1203 mm, with approximately 64% of the rainfall occurring during the growing season from
April to October (NOAA, 2017).

Soil Water Content Monitoring
To continuously monitor changes in soil VWC with depth over time, two prominent
mounds were identified in both the Jay and Taloka soil series and the distance from summit to
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summit was measured. The inter-mound position, defined as the mid-point between the mound
summits, was marked. On 8 April, 2017, at both the inter-mound positions between two the
mound summits and at one of the adjacent mound summits in both soil series, a small trench was
manually excavated after cutting and removing the top layer of sod. Water content reflectometers
(model CS615, Campbell Scientific, Inc., Logan, UT) were installed horizontally at depths of 10,
20, 30, and 50 cm below the soil surface. The small trench was filled back in with soil from the
appropriate natural horizon and the intact piece of sod was placed back on top where it was
removed from to maintain a minimally disturbed appearance (Figure 3). The water content
reflectometer wires were shallowly buried and connected to a datalogger (model CR10X,
Campbell Scientific, Inc.) to record data every five minutes and output mean volumetric soil
water contents hourly. Approximately weekly, data were manually transferred to a storage
module (model SM16M, Campbell Scientific, Inc.) using a keyboard display (model CR10KD,
Campbell Scientific, Inc.) and transferred to a desktop computer. Volumetric soil water contents
were measured and recorded through 30 June, 2018.
To determine the effects of mound position (i.e., mound summit and inter-mound), depth
below the soil surface (i.e., 10, 20, 30, and 50 cm), and soil moisture regime (i.e., aquic and udic)
on soil volumetric water content dynamics, dry-down periods were determined for each major
rainfall event between 1 June, 2017 and 31 May, 2018. Dry-down periods for each depth were
identified as the linear phase between the maximum and minimum soil water content measured
for each event before the next wetting event occurred. The maximum and minimum soil water
contents for each depth and lag times (i.e., defined as the amount elapsed from the beginning of a
rainfall event to when a sensor reached the maximum water content for that rainfall event) were
also recorded for each rainfall event for subsequent analyses. Water content maxima and the soil
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water content two days after the maximum was achieved were used to calculate the rate of drydown for selected rainfall events.

Weather Station
A micro-meteorological weather station was erected on-site on 15 April, 2017 in the Jay
soil series area at Chesney Prairie to measure rainfall, air temperature, and relative humidity. The
weather station contained a 25-cm-diameter tipping bucket rain gauge (model TR-525M, Texas
Electronics, Inc., Dallas, TX) and a combined air temperature/relative humidity sensor (model
HMP50, Campbell Scientific, Inc, Logan, UT). Both sensors were connected to a datalogger
(model CD10X, Campbell Scientific, Inc.), which recorded data every two minutes and output
data summaries every hour. Approximately weekly, data were manually collected on a storage
module (model SM16M, Campbell Scientific, Inc.) using a keyboard display (model CR10KD,
Campbell Scientific, Inc.) and transferred to a desktop computer. Precipitation, air temperature,
and relative humidity were measured and recorded through 30 June, 2018.

Vegetation Sampling and Analysis
Vegetation samples were collected on 2-3 June and 17-18 August, 2017 and 19 May and
16 August, 2018 from mound summit and inter-mound positions in the Jay and Taloka soil
series. At each position, all vegetation within a 0.25-m2 metal frame was cut to approximately a
height of 2 cm. Stem-by-stem, the cut vegetation was bagged separately as either a grass or other
(i.e., a sedge, rush, shrub, etc.). In total, three vegetation samples were collected at mound
summit and inter-mound positions in each soil series on each sample date. Vegetation samples
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were oven dried at 55°C for at least five days and weighed to determine dry matter by vegetation
type (i.e., grasses or other).
Dry matter data in May 2018 were used to determine vegetation diversity using the
Shannon-Wiener index (Spellerberg and Fedor, 2003). Each plant species within the 0.25-m2
metal frame was identified to determine the species richness for the site. The number of a given
plant species was recorded and divided by the total number of plants observed to calculate the
relative abundance for each species. The relative abundance of each plant species was used in the
Shannon-Wiener equation to calculate the diversity index. The resulting diversity index and
species richness were then used to calculate evenness. The Shannon-Wiener and evenness
equations are outlined below:
H = - ∑ni=1(pi) ln(pi)

(1)

where H is the Shannon-Wiener Index, s is the number of species, and pi is the proportion of
total sample belonging to the ith species, and
EH = H / ln(s)

(2)

where EH is evenness, H is the Shannon-Wiener Index, and s is the number of species.
Additionally, a Sorenson Coefficient was calculated using Equation 3 to determine the similarity
of vegetation comprising the mounded and inter-mound positions within and across soil moisture
regimes:
Ss = 2a / (2a + b + c)

(3)

where a is the number of species both locations have in common, b is the number of species
present in only location one, and c is the number of species present in only location two.
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Soil Profile Description and Hydric Soil Determination
In each soil moisture regime (i.e., aquic and udic), a soil profile description to a depth of
approximately 1 m was conducted on the mound and in the inter-mound area near where the
water content reflectometers were installed. The soil to be described was obtained using a 2-cmdiameter push probe and slide hammer. For each profile description, horizon designation,
thickness, soil color, structure, and moist consistency were determined in the field. Soil particlesize distributions in 10-cm intervals to a depth of 90 cm were determined by Durre et al. (2018).
Based on the soil descriptions for each mound position, hydric soil determinations were made
using the Field Indicators of Hydric Soils in the United States manual (Vasilas et al., 2016).

Statistical Analyses
Based on a completely random design, an analysis of variance (ANOVA) was conducted
using PROC MIXED in SAS 9.4 to evaluate the effects soil moisture regime (i.e., udic and
aquic), mound position within soil moisture regime (i.e., mound summit and inter-mound within
the aquic and udic soil moisture regimes), time (i.e., wet and dry season), depth (i.e., 10, 20, 30
and 50 cm) and their interaction on soil water content maxima and minima achieved, the rate of
dry-down during drying events, and lag time. Multiple drying events isolated over time served as
temporal replication for these analyses.
Based on a split-split-plot, completely random experimental design, a three-factor
ANOVA was conducted using PROC MIXED in SAS 9.4 to evaluate the effects of soil moisture
regime (i.e., aquic and udic), mound position (i.e., mound summit and inter-mound), time (i.e.,
sample date), and their interactions on aboveground dry matter production. The whole-plot factor
was soil moisture regime, the split-plot factor was mound position, and the split-split-factor was
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time. A four-factor ANOVA was conducted in SAS 9.4 to evaluate the effects of soil moisture
regime (i.e., aquic and udic), mound position (i.e., mound summit and inter-mound), time (i.e.,
sampling date), biomass type (i.e., grasses or other species), and their interactions on total dry
matter production. Lastly, a two-factor ANOVA was conducted in SAS 9.4 to determine the
effects of soil moisture regime (i.e., aquic and udic), position (i.e., mound summit and intermound), and their interaction on Shannon-Wiener diversity and species richness and evenness.
For all analyses, when appropriate, means were separated by least significant difference (LSD) at
the 0.05 level.

Results and Discussion
Soil Profile Descriptions
Differences in soil properties were observed between mound and inter-mound soils
within and across soil moisture regimes. Mounded soil profiles contained a greater abundance of
A horizons than inter-mound profiles in both soil moisture regimes. Additionally, the aquic
mound contained a weakly developed Bw horizon and the udic mound contained an AB
transition horizon, which are morphologically similar, and neither of which were present in
either inter-mound profile. Depth to the first argillic horizon was greater at the aquic and udic
mound summit compared to the aquic and udic inter-mound profile and the mound summit in
both soil moisture regimes were silt-loam textured throughout, whereas the inter-mound profile
in both soil moisture regimes experienced a textural change in the 40- to 60-cm depth for the
udic and aquic inter-mounds, respectively. The aquic and udic inter-mound profile contained
more abundant redox features at shallower depths than the mounded profile within the same soil
moisture regime, which indicated that inter-mounds were wetter than mounded soils. When the
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aquic and udic mound summits were compared across soil moisture regimes, the aquic mound
contained iron concentrations beginning at 10 cm, whereas no redox features were present in the
udic mound until a depth of 59 cm. The shallower depth to redox features in the aquic soil
indicated that the aquic mound likely maintained greater soil water contents than the udic
mounds. Both inter-mound profiles exhibited an A horizon overlying an argillic horizon. The
aquic inter-mound maintained greater water contents than the udic inter-mound, as indicated by
standing water that accumulated in the aquic soil profile at 20 cm during in-situ description
followed by two gleyed horizons from 41 to 90 cm below the soil surface. The udic inter-mound
exhibited fragic properties beginning at 44 cm and extending to a depth of 90 cm. Additionally,
the udic inter-mound exhibited a transition from brown to red coloration beginning at 44 cm,
indicating that conditions were dry enough for iron to precipitate out of solution and coat the
soil, whereas iron was reduced in the aquic inter-mound due to prolonged wetness. The soil in
the aquic inter-mound positions exhibited hydric properties by meet the requirements of the
redox dark surface (F6) indicator (Vasilas et al., 2016). Complete profile descriptions of the
aquic and udic mound summit and inter-mound are contained in Appendix F.
Similar to the current study, researchers have observed that mounded soil profiles
typically have thicker and, often times, multiple A horizons compared to the corresponding intermound profile (Carty et al., 1988; Ricks et al., 1997; Lee and Carter, 2010). A profile description
for a mound conducted by Lee and Carter (2010) contained two A horizons to a depth of 50 cm,
whereas the inter-mound profile had two A horizons to a depth of 35 cm. Similarly, Carty et al.
(1988) described the bottom depth of the third A horizon in a mounded profile at 53 cm, whereas
the corresponding inter-mound profile only had two A horizons with a lower depth of 25 cm. A
study conducted by Allgood and Gray (1973) concluded that mounded soil profiles generally
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contained more transition horizons than corresponding inter-mound profiles, as observed in the
current study. Similar results have been recorded in Missouri on a silt loam surface by Horwath
and Johnson (2006), who described the mound center profile as containing an EBg and EBtg
horizon, whereas the mound edge profile only had an EBg transition horizon. Results of the
current study also agreed with Lee and Carter (2010), who noted that mounds have a greater
abundance of weakly developed horizons than inter-mound profiles, where the mound profile
contained four Bw horizons compared to none in the inter-mound profile (Lee and Carter, 2010).
Researchers have hypothesized that morphological differences between mound and intermound profiles are due to biological activity (Ross et al., 1968; Allgood and Gray, 1973;
Horwath and Johnson, 2006). As mound-dwelling organisms burrowed above impermeable
layers, they impeded eluviation and illuviation by mixing soil, which created a zone of
homogeneity that accounts for the deeper and more abundant A horizons as well as the transition
horizons in mounded profiles (Allgood and Gray, 1973; Horwath and Johnson, 2006). The zone
of homogeneity created by burrowing animals has resulted in textural differences between
mound and inter-mound soil profiles. In general, studies have suggested that soil in mounded
profiles contain less clay than soils in inter-mound profiles at corresponding depths (Allgood and
Gray, 1974; Spackman and Munn, 1984; Carty et al., 1988). Since eluviation and illuviation in
mounded profiles has been impeded by biological mixing, the depth to illuvial horizons in
mounded profiles is typically greater than in inter-mound profiles (Allgood and Gray, 1974).
Profile descriptions provided by Allgood and Gray (1993, 1994) indicated that the illuvial
horizon began at 79 cm with a clay percentage of approximately 40%, whereas the mounded
profile had a clay content of approximately 10% at that same depth.
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Soil Water Content Dynamics
Soil water contents exhibited distinct trends with time at both mound positions (i.e.,
summit and inter-mound) within both soil moisture regimes (i.e., aquic and udic). Precipitation
totaled 117.5 cm at the field site from 1 June, 2017 to 31 May, 2018 and was within 10% of the
30-yr normal annual precipitation (120.3 cm) for the region, designating the current year as a
typical/average year for the region encompassing the study site (Figure 4). In total, 112
independent precipitation events (i.e., periods of precipitation of any magnitude separated by half
a day without precipitation) occurred from mid-April, 2017 to 31 May, 2018. Of the 112
precipitation events, 95 occurred during 1 June, 2017 to 31 May, 2018. Approximately 59% of
the precipitation events within the study period caused a clear response (i.e., a response that
could be easily differentiated from normal fluctuations in VWC) in the 10-cm sensor for each
mound position within both soil moisture regimes, while only 14 of the 95 precipitation events
caused a clear response in all 16 sensors (Figures 5 and 6).
Seasonal wet-up and dry-down trends resulting from precipitation patterns were evident
at each mound position within both soil moisture regimes and were most pronounced at the aquic
inter-mound (Figures 5 and 6). Seasonal dry-down periods began in early summer
[approximately day of year (DOY) 170] with the subsequent wet-up period beginning in late fall
(approximately DOY 300), continuing through spring (Figures 5 and 6). Noticeable wet-up and
dry-down periods have been recorded in previous research by Briggs and Knapp (1995), who
observed seasonal dry-down periods beginning in late summer and wet-up periods occurring in
spring and early summer at depths of 25 and 100 cm over an 11-year period at the Konza Prairie.
Additionally, the annual soil volumetric water content (VWC) fluctuations in the current study
roughly followed the four phases of annual soil moisture as described by Illston et al. (2004). In
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Oklahoma, the statewide soil fractional water index (FWI) entered a moist plateau phase from
November to mid-March, a transitional drying phase from mid-March to mid-June, an enhanced
drying phase from mid-June to late August, ending with the recharge phase from late August to
November (Illston et al., 2004). In the current study, the moist plateau period occurred between
mid-February and May (Figures 5 and 6). During the moist plateau phase, volumetric water
contents were at their largest and were relatively consistent due to reduced evaporation and
evapotranspiration from low sun angles and dormant vegetation (Illston et al., 2004). The
transitional drying phase, characterized by a gradual decrease in VWC from increased
evapotranspiration from growing vegetation (Illston et al., 2014), occurred from June to early
July, followed by the enhanced drying stage from early July to early October. During the
enhanced drying stage, soil VWCs decline sharply to their seasonal low due to continued
evapotranspiration and limited inputs of water from precipitation (Illston et al., 2004). Lastly, the
soil VWC gradually increased from early October to early February during the recharge phase,
as a result of decreased evapotranspiration due to low sun angles and inputs of water from
precipitation (Illston et al., 2004).
In general, the mound positions within the aquic soil had larger VWCs over time at
respective depths compared to the corresponding mound position in the udic soil moisture
regime (Figures 5 and 6). Additionally, the inter-mound positions generally contained larger
VWCs at respective depths compared to the mound summit of the same soil moisture regime, as
expected based on the soil morphological characteristics (Figures 5 and 6). The results of the
study agree with observations (Allgood and Gray, 1973; Carty et al., 1988; Lee and Carter, 2010)
and measurements (Ross et al., 1968) of water content in mounded and inter-mound profiles
from past research. In the Arkansas River Valley, in a silt-loam surface, redox depletions were
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identified at the soil surface in inter-mound pedons, whereas depletions were not present in
mounded soil profiles until a depth of 85 cm, indicating that inter-mound soils are generally
wetter than mounded profiles (Lee and Carter, 2010). Soil moisture was likely greater and
retained longer in inter-mound soil profiles due to greater clay concentrations and lower
saturated hydraulic conductivities typical of inter-mound soils compared to mounded profiles
(Carty et al., 1988; Durre et al., 2018).
Volumetric water contents in the udic mound were generally largest at the 10-cm depth
and lowest at the 30-cm depth, whereas VWCs were generally largest at either the 30- or 50-cm
depths and smallest at the 10-cm depth in the aquic mound (Figure 5). Additionally, seasonal
dry-down was more pronounced in the udic mound, in which VWCs at all depths fell below 0.1
cm3 cm-3 compared to the aquic mound which recorded no VWCs lower than 0.1 cm3 cm-3
(Figure 5). Volumetric water contents in the udic inter-mound were generally largest at either the
10- or 20-cm depth and lowest at 30 cm, whereas VWCs were generally largest at the 10-cm
depth during wet-up periods and at the 50-cm depth during periods of dry-down in the aquic
inter-mound positions (Figure 6). As with the udic inter-mound, VWCs were generally lowest at
30 cm in the aquic inter-mound (Figure 6). The seasonal dry-down period was more pronounced
in the aquic inter-mound compared to the udic inter-mound, with exception of the 50-cm depth in
the aquic inter-mound, which was not impacted by dry-down as dramatically as the 10-, 20-, and
30-cm depths (Figure 6).
The magnitude and frequency of response to precipitation events appeared to be larger
for the surface sensors (i.e., 10 and 20 cm) compared to the 30- and 50-cm sensors for each
mound position (Figures 5 and 6). Additionally, the magnitude of response to a precipitation
event was generally larger in the udic soil moisture regime compared to the aquic soil moisture
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regime when similar mound positions were compared (Figures 5 and 6). Similar soil water
content trends were noted in Briggs and Knapp (1995), in which larger and more numerous
maxima were observed over time in the 25-cm sensor compared to the 100-cm sensor, indicating
that soil near the surface was more influenced by wet-up and dry-down events than soil deeper in
the profile. Surface soil layers likely exhibited larger decreases in VWC during dry-down events
compared to subsurface layers due to losses of water through evapotranspiration and/or vertical
drainage. Additionally, surface sensors likely responded to rainfall events more frequently than
subsurface sensors due to redistribution of water in the soil profile. Most of the water that
infiltrates into the soil surface from a precipitation event will likely percolate through the surface
soil layers (i.e., 10 and 20 cm). However, the amount of water reaching the subsurface (i.e., 30
and 50 cm) soil layers may be diminished as water is extracted by plants, which would then
require a larger precipitation event to occur before water contents at lower soil depths increase.
In addition, subsurface soils may respond to fewer precipitation events because they are more
influenced by additions of water from deeper in the soil profile (i.e., a seasonal high-water table)
as opposed to additions of water from the soil surface. The effect of a seasonal high water table
on soil volumetric water content was clearly demonstrated at the 50-cm depth in the aquic intermound from approximately DOY 46 to 130 (Figure 6). From DOY 46 to 130, soil water contents
in the 10-, 20-, and 30-cm fluctuated from multiple wet-up and dry-down events, whereas the 50cm depth gradually increased with no distinct peaks, indicating that the 50-cm depth was more
influenced by water moving upwards from deeper in the soil profile than from water moving
downward from precipitation events.
Distinct trends in lag time, defined as the amount of time between the beginning of a
precipitation event to when a sensor achieved the maximum VWC from the precipitation event,
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were evident from 1 June, 2017 through 31 May, 2018 (Figures 5 and 6). Averaged over soil
moisture regime (SMR), mound position within SMR, and season, lag time differed (P < 0.05)
with soil depth (Table 1). The lag time for the 10-cm depth (5.9 hr) did not differ from that of the
20- (9.5 hr), but was nearly 2.5 times shorter than that of the 30-cm depth (14.3 hr). Additionally,
averaged across SMR, season, and soil depth, lag time differed (P = 0.05) by mound position
within SMR. Lag time was numerically shortest among all treatment combinations at the aquic
summit (4.5 hr), which did not differ from the udic summit (12.7 hr) or udic inter-mound (5.80
hr), and was numerically largest at the aquic inter-mound (16.7 hr), which did not differ from the
udic summit. Lag time likely differed with depth as estimated soil saturated hydraulic
conductivity (Ksat) decreased with depth (Table 3). Water percolating through the soil surface
would reach the 10-cm depth first, accounting for the shortest lag time and, as estimated Ksat
decreased with depth, water movement through the soil profile would slow and result in a larger
lag time. Analysis of lag times provided insight into how water movement though the soil profile
varied with depth and site position. Water movement through the soil is an important factor
influencing plant productivity and prairie ecosystem functions. Water that does not move
through soil surface layers quickly after a rainfall event has potential to accumulate and increase
runoff and soil erosion if the water does not infiltrate or be lost as evaporation if the water has
infiltrated and stays near the soil surface. Plants have difficulty taking up water and nutrients that
move through the profile too quickly, but water retained in the soil for long periods of time can
lead to saturated conditions. Sub-optimal water retention would lead to decreased plant growth,
decreased plant diversity, reduced carbon sequestration, and increased soil erosion potential.
Additionally, water and nutrients not taken up by plants can reach the groundwater. Soil water
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reaching the groundwater containing large quantities of nutrients, such as nitrate, has the
potential to lead to decreased groundwater quality (Spalding and Exner, 1993).

Soil Hydraulic Properties
All soil hydraulic properties were affected by one or more or a combination of treatment
factors evaluated (i.e., SMR, mound position within SMR, season, and/or soil depth). Maximum
and minimum soil VWCs differed (P < 0.05) by depth within respective mound positions across
SMRs (Table 1). Maximum soil VWC was numerically largest (0.39 cm3 cm-3) at the 10- in the
aquic inter-mound and was significantly smallest (0.16 cm3 cm-3) the 30-cm depth in the udic
mound (Figure 7). Additionally, maximum soil VWCs were at least numerically greater in the
aquic and udic inter-mound positions compared to corresponding mound summits at each depth
(Figure 7). When respective mound positions were compared across SMRs, the maximum VWC
was at least numerically greater in the aquic mound position compared to that of the udic mound
position for a given depth, excluding the mound summit at the 10-cm depth (Figure 7).
The mean minimum soil VWC was numerically largest (0.29 cm3 cm-3) at the 50- in the
aquic inter-mound and numerically smallest (0.11 cm3 cm-3) at the 30-cm depth in the udic
mound (Figure 7). Additionally, the minimum soil VWC was at least numerically larger at
respective depths at the inter-mound position compared to the mound summit within the same
SMR (Figure 7). When respective mound positions were compared across SMRs, the minimum
VWC was at least numerically greater in the aquic compared to that of the udic mound position
for a given depth (Figure 7).
Averaged over mound position within SMR and season, both maximum and minimum
soil VWCs differed (P < 0.05) with depth across SMRs (Table 1). Mean maximum VWC was
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numerically largest (0.32 cm3 cm-3) at the 10- in the udic SMR and smallest (0.23 cm3 cm-3) in
the udic SMR at the 30-cm depth. The maximum VWC was greater at each depth interval in the
aquic than udic SMR, with exception of at the 10-cm depth, in which maximum VWC in the
SMRs did not vary. Minimum soil VWC was numerically largest (0.27 cm3 cm-3) at the 50- in
the aquic and smallest (0.16 cm3 cm-3) at the 30-cm depth in the udic SMR (Figure 8). Compared
across SMRs, the aquic soil contained a minimum VWC that was on average, 1.4 times larger
than that of the udic soil (Figure 8).
Averaged over mound position, SMR, and position within SMR, maximum VWC
differed (P = 0.003) between seasons by depth (Table 1). Maximum soil VWC was largest (0.33
cm3 cm-3) during the dry season at 10 cm and numerically smallest (0.27 cm3 cm-3) during the
dry season at 30 cm (Figure 9). When seasons were compared, maximum VWC was larger in the
dry season than wet season at 10 cm, larger in the wet season than the dry season at 50 cm, and
did not vary by season at depths of 20 and 30 cm (Figure 9). Additionally, averaged over SMR,
depth, and season, maximum and minimum VWCs differed (P < 0.05) between mound positions
within SMRs (Table 1). Maximum VWC was largest (0.36 cm3 cm-3) in the aquic inter-mound
and smallest (0.22 cm3 cm-3) in the udic summit (Figure 10). The aquic soil contained larger
maximum VWCs at each mound position (Figure 10). Similar to the maximum VWCs, minimum
VWC was largest (0.28 cm3 cm-3) at the aquic inter-mound and smallest (0.14 cm3 cm-3) at the
udic summit (Figure 10). The aquic SMR contained a larger minimum VWC than the udic soil
when respective mound positions were compared (Figure 10).
The aquic soil likely had larger maximum and minimum VWCs than the udic soil based
on characteristics of the two soil series. The internal drainage of the aquic SMR (i.e., Taloka soil
series) is characterized as somewhat poorly drained, which would retain more water than the
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moderately well drained Jay soil series (i.e., udic SMR). Similar trends in soil moisture were
noted by Henninger et al. (1976) in east-central Pennsylvania across six soil series [i.e.,
Klinesville (Lithic Dystrudepts), Calvin (Typic Dystrudepts), Leck Kill (Typic Hapludults),
Hartleton (Typic Hapludults), Albrights (Aquic Fragiudalfs), and Alvira (Aeric Fragiaquults)].
The somewhat poorly drained Alvira soil maintained greater soil moisture levels than the
moderately well to well-drained soils for the duration of the study (Henninger et al., 1976).
Differences in maximum and minimum VWCs between the mound summit and inter-mound
mound positions likely resulted from differing clay concentrations, soil organic matter (SOM)
contents, and estimated bulk densities. Inter-mound clay concentrations were at least numerically
larger than that in the corresponding mound summit position at each 10-cm depth interval to a
depth of 90 cm in both SMRs (Table 2). Increased clay concentrations would result in greater
water-holding capacity, accounting for the greater maximum and minimum VWCs in intermound mound positions. Additionally, larger maximum and minimum VWCs in the inter-mound
position may be attributed to greater SOM. Soil organic matter has the ability to absorb water
and promote soil aggregation, both of which enhance soil water-holding capacity. According to
Scott et al. (1986), for every 1% of SOM, the soil can hold 154,340 liters of plant-available water
per hectare to a depth of 1 m. In the current study, SOM contents were at least numerically larger
in inter-mound to a depth of 20 and 40 cm for the aquic and udic soil, respectively, which would
result in a larger water-holding capacity for the inter-mounds compared to the mounds at those
depths (Table 2). Soil bulk density was at least numerically larger at each depth interval in the
mound summit, which would account for the lower maximum and minimum VWCs compared to
the inter-mound position (Table 3). Increased bulk densities result in a lower soil water-holding
capacity due to decreased total porosity.
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Averaged across mound position, SMR, and position within SMR, the rate of dry-down
differed (P = 0.01) by season with depth (Table 1). The soil dry-down rate was greatest (0.029
cm3 cm-3 day-1) during the dry season at 10 cm and numerically lowest (0.009 cm3 cm-3 day-1)
during the wet season at 30 cm (Figure 11). Dry-down rates were greater during the dry season
compared to the wet season at 10 cm, but no seasonal differences occurred at the 20- or 30-cm
depth (Figure 11). Averaged across mound position within SMR and season, soil dry-down rate
differed (P < 0.01) with depth between SMRs (Table 1). Soil dry-down rates were largest (0.032
cm3 cm-3 day-1) in the udic at 10 cm and numerically smallest (0.008 cm3 cm-3 day-1) in the aquic
SMR at 30 cm (Figure 12). Though soil dry-down rates were larger in the udic compared to the
aquic SMR at 10 cm, no differences in dry-down rate between SMR were noted at the 20- and
30-cm depths (Figure 12).
Soil dry-down rates were likely larger during the dry season at 10 cm due to
evapotranspiration. Water added to the soil during the dry season will likely be quickly removed
by growing plants, which would increase the rate of soil dry-down. A study conducted by
Henninger et al. (1976) in east-central Pennsylvania noted that water entering the top 15 cm of
soil during the summer months was quickly depleted by evapotranspiration resulting in annually
low soil moisture contents in each soil series studied. As evapotranspiration decreased in
September, the soil moisture contents increased indicating that dry-down rates were slowing with
changing seasons (Henninger et al., 1976).

Vegetation Differences
Three vegetative properties were affected by one or more or a combination of treatment
factors evaluated (i.e., SMR, mound position, and sample date). Total dry matter (DM) differed
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(P = 0.04) between SMRs across mound position over time (Table 4). Total DM was numerically
greatest (8489 kg ha-1) at the aquic summit in August 2018 and numerically smallest (1280 kg
ha-1) at the aquic inter-mound in May 2018 (Figure 13). Total DM production was similar at
corresponding mound positions between the aquic and udic soils for every treatment combination
excluding the aquic and udic mound summits in June and August, 2017, in which the udic
mound summit produced more DM than the aquic summit (Figure 13). Additionally, the mound
summit positions generally produced more biomass than the inter-mound positions in both soil
moisture regimes (Figure 13). Total DM was at least numerically lowest for each respective
mound position-SMR combination in May 2018 compared to all other sampling dates (Figure
13).
Averaged across mound position, total DM varied (P = 0.03) among SMR-biomass type
combinations over time (Table 5). Total DM was numerically greatest (5027 kg ha-1) in the
aquic-grass combination in August 2018 and numerically least (814 kg ha-1) in the aquic-grass
combination in May 2018 (Figure 14). For the aquic SMR, grasses significantly out-produced
other species on both end-of-season samples, whereas no differences in DM occurred on either
early season sample (Figure 14). For the udic soil, grasses out-produced other species in August
2017, with no differences occurring on June 2017 or during the 2018 season (Figure 14). Grasses
out-producing other plant species is typical of tallgrass prairie ecosystems, as grasses generally
account for most of the biomass production and forbs provide species richness and diversity
(Howe, 1994; Steinauer and Collins, 1996).
Averaged across mound position, grass DM differed between SMRs over time (P = 0.02).
Grass DM was numerically largest (5027 kg ha-1) among all treatment combinations in the aquic
soil moisture regime in August 2018 and smallest (814 kg ha-1) in May 2018 in both soil
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moisture regimes, which did not differ (Figure 15). Grass DM was similar between the aquic and
udic soils at each sampling date excluding August 2018, in which the aquic soil produced more
DM than the udic soil (Figure 15). Averaged across SMR and sample date, grass DM differed (P
= 0.03) between mound positions, with the mound summit producing 3,216 kg ha-1 compared to
2,331 kg ha-1 of grass DM in the inter-mound position.
Previous studies analyzing the effect of soil moisture on biomass production have
indicated that soil moisture influences plant biomass production. Total above and belowground
biomass had a significant positive correlation with soil moisture content from 0 to 30 cm below
the soil surface across 81 grassland ecosystems in the Loess Plateau, China (Deng et al., 2016).
Similarly, a correlation study conducted by Wu et al. (2013) in the Qinghai-Tibetan Plateau,
China, concluded that aboveground biomass significantly increased with increased soil moisture
in the 0- to 10- (R2 = 0.83) and 10- to 20- cm (R2 = 0.79) depth intervals. Briggs and Knapp
(1985) analyzed the influence of soil moisture on biomass production in burned and unburned
treatments at Konza Prairie and concluded that soil moisture did not affect grass or forb net
primary productivity (NPP) in long-term unburned watersheds. Conversely, soil moisture at
depths < 1 m were determined to significantly increase grass and total NPP at annually burned
sites (Briggs and Knapp, 1995). Although the aquic summit generally contained more water than
the udic summit, the udic summit produced more total DM than the aquic summit during the
2017 season (Figure 13). Increased biomass production in the udic mound summit may have
resulted from greater soil organic matter contents to a depth of 60 cm in the udic summit (Table
2). Additionally, the aquic and udic inter-mounds exhibited no difference in total DM
production, indicating that soil moisture differences between the aquic and udic inter-mound did
not affect the biomass production (Figure 13).
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The difference in DM production between the two early season samples (i.e., June 2017
and May 2018; Figures 13, 14, and 15) likely resulted from the prescribed burn performed in
January 2017. The prescribed burn eliminated dead plant material (i.e., necromass) from the
ecosystem and provided the soil with more direct sunlight, which then stimulated plant growth
for the 2017 season (Abrams et al., 1986; Brye et al., 2002). The necromass from the increasedbiomass-producing 2017 season then shaded the soil surface, slowing soil warming and reducing
light availability to newly emerging plants, which would account for the lower total DM
production in May 2018 (Hulbert, 1988). The results of the study are supported by past research
analyzing herbage production on mound and inter-mound mound positions (McGinnies, 1960;
Allgood and Gray 1973). Mounded mound positions seeded with intermediate wheatgrass
(Thinopyrum intermedium), crested wheatgrass [Agropyron cristatum (L.) Gaertn.], smooth
brome (Bromus inermis Leyss.), Russian wildrye [Psathyrostachys juncea (Fisch.) Nevski], and
big bluegrass (Poa secunda J. Presl) produced 94, 180, 323, 358, and 542% greater herbage
yields for the respective plants compared to inter-mound positions seeded with the same plants
(McGinnies, 1960). Additionally, similar to the results of this study, annual forage production on
mounded soils in eastern Oklahoma was 4,997 kg ha-1 compared to 3,227 kg ha-1 produced by
inter-mound soil (Allgood and Gray, 1974). Researchers have suggested that mounded soils
likely produce larger quantities of biomass compared to inter-mound soils as a result of enhanced
soil fertility and larger quantities of plant available water present in mounded profiles due to a
larger volume of soil in mounded profiles compared to inter-mound profiles (McGinnies, 1960;
Giles, 1970). According to McGinnies (1960), mounded soils contained 66% more nitrogen than
inter-mound positions, which would account for mounds producing larger quantities of biomass.
At the current site, soil total nitrogen was unaffected by mound position (Durre et al., 2018). Soil
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pH was similar between and across soil moisture regimes for mound summit and inter-mound
positions, with exception of the udic mound and udic inter-mound, in which the inter-mound had
a more alkaline pH (Durre et al., 2018). The water contents in the current study may have been
too large in the inter-mounds to promote optimal plant growth, which would explain why
herbage production was generally at least numerically larger in the mound summits of both soil
moisture regimes. Mound summits had deeper depths to redox features and saturated or nearsaturated conditions than corresponding inter-mound positions, which may have better promoted
vegetative growth.
Vegetation comprising the udic mound was 30.7% similar to the vegetation present at the
udic inter-mound position. When mound positions were compared across SMRs, the aquic and
udic mound summits exhibited 42.8% similarity, whereas the aquic and udic inter-mounds were
only 29.6% similar. Lastly, vegetation comprising the aquic mound was 41.3% similar to that of
the aquic inter-mound position. The results of the study are supported by previous research
analyzing mound summit and inter-mound vegetation (Brotherson, 1982). Vegetational
similarity between mounds and the adjacent non-mounded prairie area was reported as 35.2% at
Kalsow Prairie in Iowa, which is within the range reported in the current study (Brotherson,
1982). Scientists have hypothesized the reason for the dissimilarity between the mound positions
is due to the micro-topographic variation of the mounds compared to inter-mound soils
(Brotherson, 1982; Del Moral and Deardorff, 1976). Del Moral and Deardorff (1976) noted that
hairy cat’s ear (Hypochaeris radicata L.) only grew in micro-depressions located on mounds.
Additionally, Del Moral and Deardorff (1976) determined that plant species, such as racomitrium
moss [Racomitrium canescens (Hedw.) Brid.], responded to changes in drainage and insolation
on mounds, which directly influences soil moisture availability.
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Total diversity, species richness, and species evenness were unaffected (P > 0.05) by any
of the treatment factors (i.e., mound position and SMR) evaluated (Table 6). Total plant diversity
was numerically lowest (0.51) at a udic summit, numerically largest (2.10) at an aquic intermound and averaged 1.40 throughout the entire prairie area. Species richness was numerically
lowest (5.0) among multiple mound positions, numerically largest (14) at a udic inter-mound,
and averaged 7.8 across the entire prairie area. Species evenness was numerically smallest at a
udic summit (0.32), numerically largest at an aquic summit (0.89) and averaged 0.70 across the
entire prairie area. The plant diversity indices studied may have been influenced by the sampling
date. Plants were sampled and identified at the beginning of the growing season, and plant DM
during this period was at least numerically lower than on all other sample dates. Additionally,
many plants had not yet flowered by this early sampling date. Due to reduced biomass
production during the early season, plant diversity indices may have been best represented from
plant samples collected during the late-season sample, although the current study still provides
valuable insight on plant diversity and species richness and evenness.
Studies analyzing plant species diversity, richness, and evenness in mounded ecosystems
are not numerous; however, the results of this study agree with past research comparing plant
species richness between mound and inter-mound positions (Allgood and Gray, 1974;
Brotherson, 1982; Murray, 1974). In eastern Oklahoma, no appreciable difference in species
richness occurred between mounded and inter-mound positions, with 18 plants identified in the
inter-mound and 13 species identified in the mounded position (Allgood and Gray, 1974).
Similarly, 51 plant species were identified on mounded positions compared to 49 species in the
adjacent prairie at Kalsow Prairie in Iowa (Brotherson, 1982).
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Research has suggested that soil moisture influences plant diversity and species richness
and evenness (Wu et al., 2013; Deng et al., 2016). Across 81 grassland sites in the Loess Plateau
of northwestern China, Shannon-Wiener Diversity and species richness were significantly and
positively correlated with soil water storage in the top 30 cm of soil, while species evenness was
correlated to water storage from the 0- to 20-cm depth (Deng et al., 2016). Additionally, the
Shannon-Wiener Diversity, Margalef’s Index of species richness, and Whittaker’s Index of
species evenness exhibited significant positive relationships with soil water content for seedlings,
saplings, and adult tree species in a tropical, dry, deciduous forest in the Vindhyan Highlands,
India (Chaturvedi and Raghubanshi, 2018). Among the various plant growth stages (i.e.,
seedlings, saplings, and adults), soil water content accounted for 65 to 77% of the variability in
plant diversity, 39 to 61% of the variability in species richness, and 60 to 68% of the variability
in species evenness (Chaturvedi and Raghubanshi, 2018). Contrary to the previous studies,
despite plant aboveground biomass, vegetative cover, and plant height increasing with soil
moisture, plant species richness exhibited an inverse relationship with soil water content in an
alpine wetland in the Maqu Wetland Protection Area, China (Wu et al., 2013). It was
hypothesized that large quantities of soil moisture and species density in the alpine wetlands
allowed dominant plant species to out-compete other species, resulting in lower plant species
richness (Wu et al., 2013; Deng et al., 2016). The non-significant diversity indices in the current
study may be a result of the early season sampling opposed to soil moisture differences, as past
research has shown that plant diversity, species richness, and species evenness are directly or
inversely related to soil moisture gradients (Wu et al., 2013; Deng et al., 2016; Chaturvedi and
Raghubanshi, 2018).
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Conclusions
The purpose of this field study was to determine how soil moisture properties (i.e.,
maximum and minimum VWC, dry-down rate, and lag time) differed between SMRs (i.e., aquic
and udic), mound position (i.e., mound summit and inter-mound), and depth below the soil
surface (i.e., 10, 20, 30, and 50 cm) over time. Additionally, this study quantified how prairie
vegetation (i.e., grass, forb, and total aboveground DM, percent grass, percent other species,
Shannon-Wiener Diversity, species richness, and species diversity) differed between SMRs and
mound position over time in a native tallgrass prairie in the Ozark Highlands region of northwest
Arkansas. Native tallgrass prairies are continually fragmented due to anthropogenic activities,
increasing the importance of restoration and management activities to preserve the ecological
integrity of the prairie fragments. Prairie mounds are unique soil features still abundant in native
tallgrass prairies west of the Mississippi River. These micro-topographic soil features have
demonstrated to have vastly different soil water contents and vegetation compared to the
surrounding non-mounded prairie areas. The results of this study indicated that soil VWC varied
with depth among mound positions both within and across SMRs. Additionally, multiple
vegetative properties varied with mound position, within and across SMR, over time.
The results of this study partially support the hypothesis that maximum VWCs would
increase with depth and be greater in the inter-mound than in the mound positions, whereas
VWC minima would be lowest near the soil surface and in mound positions compared to deeper
in the profile and in inter-mound positions, respectively. The VWC maxima did not differ with
depth at either mound position within the aquic or udic soil moisture regime. However,
maximum and minimum VWCs were at least numerically greater in the inter-mound positions
compared to the mound summit. The results of this study support the hypothesis that soil
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maximum and minimum VWCs would be at least numerically larger in the aquic SMR for a
given mound position compared to the corresponding udic position. The hypotheses that lag
times would increase with depth, be largest in the inter-mound positions, and longer in the udic
SMR were partially supported by results of this study. Although lag times increased with depth,
lag times were not largest at both inter-mound positions and were not largest in the udic soil
moisture regime as hypothesized. Results did not support the hypotheses that soil dry-down rates
would be largest in the mound summits and decrease with depth. However, results partially
supported the hypotheses that dry-down rates would be longer in the aquic than udic SMR and be
longer during the wet than dry season.
The results of the study did not support the hypotheses that total vegetation diversity
would be greatest in the inter-mound and in the udic SMR. Results did not support the
hypotheses that species richness would be greatest at the inter-mound position in both SMRs,
and that species evenness would be greatest on the mound summit in both SMRs. Additionally,
results partially supported the hypothesis that total aboveground plant productivity would be
greatest on the mound summit compared to the inter-mound position on each sampling date and
that grasses would be more abundant than other species at mound summit and inter-mound
positions at each sampling date. Lastly, results of this study did not support the hypothesis that
total aboveground plant productivity would be greater in the aquic than udic SMR at each
sampling date.
Results of this study clearly demonstrated that soil volumetric water content and
vegetative properties differed among mound positions and between SMRs within the top 50 cm
of soil over time. Lag-time analysis provided insight on water movement through the soil, which
influences plant water uptake and solute movement through the soil profile. Water moving too
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quickly through the soil cannot be taken up by plants, which would result in decreased biomass
production, loss of diversity, decreased carbon sequestration, and increased soil erosion
potential. Differences in water contents between mound and inter-mound positions may have
contributed to greater biomass production on mounds due to above-optimal water content with
depth in the inter-mound locations. Additionally, soil moisture has been shown to influence total
diversity, species richness, and evenness in previous studies. Consequently, this study highlights
the complexity of water dynamics and vegetative properties within mounded native tallgrass
prairies. Based on study results, prairie management and restoration activities need to account for
differing soil moisture regimes and mound topography in order to be most successful. This study
has provided detailed insight into water dynamics and vegetative properties in mounded tallgrass
prairie ecosystems; however, additional research detailing soil water contents and vegetation in
mounded ecosystems is needed as research on the topic is limited. Research should be continued
at Chesney Prairie to monitor the effects of burning the prairie every three years on soil physical
and chemical properties and vegetation in the mounded tallgrass prairie. Additionally, future
research should be focused on identifying additional mounded, native tallgrass prairie fragments
to sample across the United States to determine how soil physical and chemical properties and
vegetation in mounded ecosystems differ geographically.
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Table 1. Summary of the combined effects of soil moisture regime (aquic and udic) position
within soil moisture regime (summit or inter-mound within the aquic and udic soil moisture
regime), season (wet and dry), and depth (10, 20, 30, and 50 cm) on soil maximum volumetric
water content after a rainfall event (Max VWC), minimum volumetric water content after a
rainfall event (Min VWC), dry-down rate (DDR), and lag time (LT) in a mounded native
tallgrass prairie in the Ozark Highlands region of northwest Arkansas. Bolded values are
significant at P < 0.05.
Source of Variation

Max VWC

Min VWC

DDR

LT

__________________________________ _________________________________
P

Soil Moisture Regime (SMR)
Position within SMR [Pos(SMR)]
Season (S)
Depth (D)
SMR x S
Pos x S(SMR)
SMR x D
SMR x D(Pos)
SXD
SMR x S x D
Pos x S x D(SMR)

0.001
< 0.001
0.959
< 0.001
0.299
0.667
< 0.001
< 0.001
0.003
0.765
0.933

0.003
0.005
0.062
0.001
0.419
0.310
0.004
0.001
0.561
0.142
0.854
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0.016
0.714
0.355
< 0.001
0.424
0.852
< 0.001
0.122
0.014
0.850
0.906

0.684
0.046
0.061
0.004
0.743
0.732
0.916
0.418
0.211
0.990
0.661

Table 2. Summary of the combined effects of soil moisture regime (aquic and udic), mound
position (summit and inter-mound), and soil depth (0-90 cm in 10-cm intervals) on soil clay
concentrations and soil organic matter (SOM) in a native tallgrass prairie with prairie mounds in
the Ozark Highlands region of northwest Arkansas. Table adapted from Durre et al. (2018).
Udic

Aquic

Depth
Inter(cm)
Summit
mound
Summit
Inter-mound
†
0-10
0.05 t
0.06 st
0.07 rst
0.09 p-t
10-20
0.06 st
0.07 rst
0.08 q-t
0.12 n-r
20-30
0.06 st
0.11 o-s
0.10 p-t
0.17 k-n
30-40
0.07 rst
0.18 j-m
0.09 p-t
0.20 h-k
40-50
0.08 q-t
0.25 d-h
0.10 p-t
0.23 f-j
50-60
0.09 p-t
0.27 b-f
0.11 o-s
0.26 c-g
60-70
0.10 p-t
0.30 a-d
0.10 p-t
0.27 b-f
70-80
0.12 n-r
0.33 a
0.13 m-q
0.31 abc
80-90
0.13 m-q
0.30 a-d
0.14 l-p
0.32 ab
SOM
0-10
50.3 cd
59.7 a
43.1 efg
57.1 ab
(Mg ha-1)
10-20
38.2 g-l
47.7 de
37.2 i-m
39.0 g-k
20-30
34.7 k-o
41.6 f-i
33.7 l-p
32.5 m-r
30-40
35.4 j-n
36.6 i-m
33.6 l-p
28.3 q-x
40-50
30.7 n-t
29.7 o-u
29.9 o-u
24.7 u-B
50-60
28.3 q-x
25.5 t-A
27.5 r-x
23.3 x-C
60-70
28.3 q-x
29.0 p-w
29.0 o-w
23.4 x-C
70-80
23.3 x-C
28.3 q-x
23.8 w-B
20.2 BCD
80-90
21.4 ABC
27.6 r-x
21.5 ABC
20.1 BCD
†
All means for a soil property followed by different letters are significantly different at the 0.05
level.
Soil Property
Clay (g g-1)
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Table 3. Summary of the combined effects of mound position (summit and inter-mound) and
depth (0-90 cm in 10-cm intervals) on estimated bulk density (BD), and estimated saturated
hydraulic conductivity (Ksat) in a native tallgrass prairie with prairie mounds in the Ozark
Highlands region of northwest Arkansas. Table adapted from Durre et al. (2018).
Depth
Summit
(cm)
BD (g cm-3)
0-10
1.27 k†
10-20
1.37 gh
20-30
1.40 efg
30-40
1.40 efg
40-50
1.43 cde
50-60
1.45 abc
60-70
1.44 bcd
70-80
1.47 ab
80-90
1.48 a
-1
Ksat (mm hr )
0-10
43.7 c
10-20
31.1 def
20-30
26.2 fgh
30-40
25.0 ghi
40-50
19.9 jk
50-60
17.5 j-m
60-70
17.8 jkl
70-80
13.3 l-o
80-90
11.8 m-s
†
All means for a soil property followed by different letters are
significantly different at the 0.05 level.
Soil Property

141

Inter-mound
1.14 m
1.30 jk
1.35 hi
1.37 gh
1.39 fg
1.39 fg
1.38 fgh
1.38 fgh
1.40 efg
63.4 a
32.5 de
20.1 ijk
12.2 l-q
7.0 p-t
6.1 rst
5.9 st
4.6 t
4.9 t

Table 4. Summary of the combined effects of soil moisture regime (aquic and udic), position
(mound summit or inter-mound), and sampling date (6/2/2017, 8/17/2017, 5/19/2018, and
8/16/2018) on grass dry matter (Grass DM), forb dry matter (Forb DM), total dry matter (Total
DM), and percent grass (PG) in a mounded native tallgrass prairie in the Ozark Highlands region
of northwest Arkansas. Bolded values are significant at P < 0.05.
Source of Variation

Grass DM

Forb DM

Total DM

PG

__________________________________ __________________________________

P

Soil Moisture Regime (SMR)
Position (P)
Sampling Date (SD)
SMR x P
SMR x SD
P x SD
SMR x P x SD

0.856
0.027
< 0.001
0.837
0.017
0.537
0.077
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0.369
0.097
0.142
0.156
0.550
0.878
0.956

0.128
< 0.001
< 0.001
0.096
0.161
0.071
0.035

0.812
0.951
0.065
0.275
0.352
0.976
0.502

Table 5. Summary of the combined effects of soil moisture regime (aquic and udic), position
(mound summit and inter-mound), sampling date (6/2/2017, 8/17/2017, 5/19/2018, and
8/16/2018), and biomass type (grass and other species) on total dry matter (TDM) in a mounded
native tallgrass prairie in the Ozark Highlands region of northwest Arkansas. Bolded values are
significant at P < 0.05.
Source of Variation

TDM
________ _______
P

Soil Moisture Regime (SMR)
Sampling Date (SD)

0.128
0.011
< 0.001

Biomass Type (BT)

0.001

Position (P)

SMR x P

0.377
0.689
0.559

SMR x SD
P x SD
SMR x BT

0.232
0.814
0.035

P x BT
SD x BT
SMR x P x SD

0.457

SMR x P x BT

0.257
0.028
0.969
0.341

SMR x SD x BT
P x SD x BT
SMR x P x D x BT
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Table 6. Summary of the combined effects of soil moisture regime (aquic and udic) and position
(mound summit or inter-mound) on the Shannon-Wiener Diversity (H), species richness (S), and
species evenness (EH) of vegetation in a mounded native tallgrass prairie in the Ozark Highlands
region of northwest Arkansas.
Source of Variation

H
S
EH
___________________________ ___________________________

Soil Moisture Regime (SMR)
Position (P)
SMR x P

0.373
0.362
0.194
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P
1.00
0.253
0.316

0.125
0.639
0.168

Figure 1. Map depicting the distribution of prairie or mima mounds within the United
States. Dark regions indicate where prairie mounds are known to be present and lightly
shaded regions indicate where prairie-like mounds are present (Johnson and Burnham,
2012).
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Figure 2. Map depicting the approximate location of Chesney Prairie located within the
Ozark Highlands (MLRA 116A) region of northwest Arkansas. Map adapted from Brion
et al. (2011).
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Figure 3. Satellite imagery depicting the locations of the aquic and udic volumetric water
content dataloggers and all mounds sampled within the aquic (i.e., ToA) and udic (i.e., JaB)
soil moisture regimes at Chesney Prairie. Data downloaded from Arkansas GIS Office (2018).
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Figure 4. Monthly precipitation recorded at the study site compared to the 30-year normal
monthly precipitation for the region encompassing the study site from June 2017 - May
2018.
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Figure 5. Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic mound
summit.
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Figure 6. Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic inter-mound.
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Figure 7. The effects of soil depth averaged over mound position and soil moisture regime on maximum volumetric water content
(Max VWC) and minimum volumetric water content (Min VWC) for selected precipitation events in aquic and udic soils in a
mounded native tallgrass prairie in the Ozark Highlands region of northwest Arkansas. Means with different letters are significantly
different at the 0.05 level.

Figure 8. Soil depth effects on maximum volumetric water content (Max VWC) and minimum
volumetric water content (Min VWC) for selected precipitation events in aquic and udic soils in
a native tallgrass prairie containing prairie mounds in the Ozark Highlands region of northwest
Arkansas. Means for a soil property with different letters are significantly different at the 0.05
level.
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Figure 9. Soil depth effects on maximum volumetric water content for selected precipitation
events during the wet and dry season in a native tallgrass prairie containing prairie mounds in the
Ozark Highlands region of northwest Arkansas. Means with different letters are significantly
different at the 0.05 level.
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Figure 10. Mound position within soil moisture regime effects on maximum volumetric water
content (Max VWC) and minimum volumetric water contents (Min VWC) for selected
precipitation events in native tallgrass prairie with prairie mounds in the Ozark Highlands region
of northwest Arkansas. Means for a soil property with different letters are significantly different
at the 0.05 level.
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Figure 11. Soil depth effects on dry-down rates of selected precipitation events during the wet
and dry season in a native tallgrass prairie containing prairie mounds in the Ozark Highlands
region of northwest Arkansas. Means with different letters are significantly different at the 0.05
level.
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Figure 12. Soil depth effects on dry-down rates for selected precipitation events in udic and
aquic soil moisture regimes in a native tallgrass prairie containing prairie mounds in the Ozark
Highlands region of northwest Arkansas. Means with different letters are significantly different
at the 0.05 level.
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Figure 13. Sampling date, mound position, and soil moisture regime effects on total dry matter
(TDM) in a native tallgrass prairie with prairie mounds in the Ozark Highlands region of
northwest Arkansas. Means for a soil property with different letters are significantly different at
the 0.05 level.
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Figure 14. Sampling date, soil moisture regime, and biomass type effects on total dry matter
(TDM) in a native tallgrass prairie with prairie mounds in the Ozark Highlands region of
northwest Arkansas. Means for a soil property with different letters are significantly different at
the 0.05 level.
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Figure 15. Sampling date and soil moisture regime effects on grass dry matter (grass DM) in a
native tallgrass prairie with prairie mounds in the Ozark Highlands region of northwest
Arkansas. Means for a soil property with different letters are significantly different at the 0.05
level.
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Conclusions
Through measurement of soil physical and chemical and estimated hydrologic properties,
as well as volumetric water content and vegetation analysis, this research has provided valuable
insight into the complexity of tallgrass prairie soils as influenced by mound topography and
differing soil moisture regimes. The first objective of the study was to determine the impact of
mound position (i.e., mound summit, backslope, toeslope, and inter-mound), soil depth (i.e., 0-90
cm in 10 cm intervals), and soil moisture regime (i.e., aquic and udic) on soil physical (i.e.,
particle size distribution and bulk density), chemical (i.e., pH, electrical conductivity, total
carbon and nitrogen, soil organic matter, and extractable soil nutrients), and hydrologic
properties (i.e., estimated saturated hydraulic conductivity, and estimated wilting point and field
capacity water contents) in a mounded native tallgrass prairie in the Ozark Highlands region of
northwest Arkansas.
Numerous soil physical properties were influenced by one or a combination of treatment
factors evaluated. Soil clay concentrations increased with depth at all mound positions within
both soil moisture regimes and roughly doubled with depth at the mound summits, while clay
concentrations in the backslope, toeslope, and inter-mounds increased three to six times with
depth. Estimated soil bulk density increased with depth at each mound position due to
compaction from overlying soil layers and, contrary to past research, were generally larger in the
mound summit than in the inter-mound. Due to increased clay concentrations and bulk densities
with depth, all soil hydraulic properties differed with one or multiple treatment factors evaluated.
Estimated soil saturated hydraulic conductivity was largest (63.4 mm hr-1) in the 0- to 10-cm
depth of the inter-mound and numerically smallest (4.6 mm hr-1) in the 70- to 80-cm depth in the
inter-mound position. Additionally, many soil chemical properties differed with one or a
combination of treatment factors evaluated. Likely due to decreased soil organic matter contents
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with depth, soil total carbon (TC) decreased with depth at all mound positions within both soil
moisture regimes and was largest (35.6 Mg ha-1) in the udic inter-mound in the 0-to 10-cm depth
and numerically smallest (3.2 Mg ha-1) in the aquic toeslope position in the 80- to 90-cm depth.
Similarly, soil total nitrogen (TN) decreased with depth and was largest in the top 10 cm (2.86
Mg ha-1) and was numerically smallest in the 80- to 90-cm depth interval. Extractable soil K,
Mg, Ca, Mn, Zn and Cu contents exhibited complicated relationships among mound positions
with depth, highlighting the complexity of soil properties within tallgrass prairie ecosystems.
The second objective of the study was to quantify how the soils’ volumetric water content
(VWC) and prairie vegetation varies with relation to soil moisture regime, mound position, time,
and depth below the soil surface. Analysis of soil profiles provided insights on the influence of
mound position (i.e., mound summit and inter-mound) and soil moisture regime (i.e., aquic and
udic) on soil development. The aquic and udic mound summits were homogenous compared to
the inter-mound profiles, likely due to biological soil mixing in the mound summits. The aquic
inter-mound was the wettest soil profile and met the requirements for hydric soil indicator F6
(redox dark surface), while the udic inter-mound exhibited fragic properties typical of the Jay
soil series. Analysis of continuous volumetric water contents with depth over time made evident
that the 10-cm depth was more influenced by precipitation and subsequent dry-down events than
the 50-cm depth. Additionally, the inter-mound positions generally contained larger VWCs at
respective depths compared to the mound summit of the same soil moisture regime, which
agreed with past research results.
Soil maximum and minimum volumetric water contents were at least numerically larger
at respective depths at the inter-mound position compared to the mound summit of the same soil
moisture regime. Additionally, compared across soil moisture regimes, the soil maximum and
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minimum VWCs were at least numerically larger in the aquic mound position for a given depth
compared to the udic moisture regime. Soil dry-down rates differed with depth between soil
moisture regimes and were largest (0.032 cm3 cm-3 day-1) in the udic soil moisture regime and
numerically smallest (0.008 cm3 cm-3 day-1) in the aquic soil at the 30-cm depth. The soil drydown rate was larger in the udic soil at 10 cm, with no differences in dry-down rates between the
soil moisture regimes at the 20- or 30-cm depths.
Similar to previous research, prairie vegetation between mounded and inter-mound
positions exhibited dissimilarity. Vegetation exhibited the lower similarity (29.6%) between the
aquic and udic inter-mounds, while vegetation comprising the aquic and udic mound summits
were most similar (42.8%). Total diversity, species richness, and species evenness were
unaffected by any of the treatment factors analyzed, possibly due to calculating diversity indices
early in the growing season. Averaged across sample date, soil moisture regime, and time, the
mound summit produced 3,216 kg ha-1 of aboveground dry matter compared to 2,331 kg ha-1 in
the inter-mound position, which agreed with trends from past research. Differences in biomass
type were noted in the aquic soil moisture regime during both late season samples and in the udic
soil in August 2017 when grasses out-produced other species. Lastly, total dry matter production
was numerically (8,489 kg ha-1) greatest at the aquic summit in August 2018 and numerically
smallest (1,280 kg ha-1) at the aquic inter-mound position in May 2018.
Relatively little research has been conducted on soil physical, chemical, and hydraulic
properties of prairie ecosystems with mounded topography in the mid-southern United States.
Understanding the influence of mound topography and differing soil moisture regimes on soil
properties and vegetation is important for future restoration/management activities that may be
needed to preserve remnant tallgrass prairie ecosystems. Overall, this field study clearly
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demonstrated the complexity of soils and vegetation comprising tallgrass prairie ecosystems and
provided insight on the effects of mound topography and differing soil moisture regimes on
prairie ecosystems. Mound topography and differing soil moisture regimes resulted in great
diversity in soil properties and vegetative communities within the study site. Results indicated
that future management/restoration activities need to account for both mound topography and
differing soil moisture regimes in order to be most successful.
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Appendices
Appendix A: Example of SAS program for evaluating the effect of soil moisture regime and
mound position on soil properties.
Title 'Chesney Prairie Soils Data';
options ls = 110 ps = 68;
data soil;
infile 'Soil Data.csv' firstobs = 2 delimiter = "," truncover LRECL = 600;
input Soil $ Location $ Depth $ Rep ID pH EC CNratio NfracSOM CfracSOM Sand
Silt Clay EstBD Phos K Ca Mg Sulf Na Fe Mn Zn Cu TN TC SOM EstWPwc EstFCwc
EstKsat;
run;
proc print data = soil;
run;
proc mixed data = soil method = type3;
class Soil Rep Location Depth;
model Sand = Soil Location Soil*Location Depth Soil*Depth Location*Depth
Soil*Location*Depth / ddfm = kr;
random Rep(Soil) Rep(Soil*Location);
lsmeans Soil Location*Depth / diff;
run;
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Appendix B: Example of SAS program used to analyze the effect of soil moisture regime and
mound position on soil water properties.
Title 'Chesney Prairie Water Content Data';
options ls = 110 ps = 68;
Data Water;
infile 'xx-Soil_Moisture_Data_for_SAS.csv' firstobs = 2 delimiter = "," truncover LRECL = 600;
input SMR $ Pos $ Rep Season $ Depth $ Max_VWC Min_VWC Slope LT ;
run;
Proc print data=Water;
run;
Proc Mixed data=Water method = type3;
class SMR Pos Rep Season Depth;
model Max_VWC = SMR Pos(SMR) Season Season*SMR Season*Pos(SMR) depth
SMR*Depth SMR*Depth(Pos)
Depth*Season Depth*Season*SMR Depth*Season*Pos(SMR);
random Rep Rep(Pos SMR) Season*Rep(Pos SMR);
lsmeans Pos(SMR) SMR*Depth SMR*depth(Pos) season*depth / diff;
run;
Quit;
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Appendix C: Example of SAS program used to analyze the effect of soil moisture regime
mound position, and sampling date on prairie biomass production.
Title 'Chesney Prairie Plant Dry Matter Data';
options ls = 110 ps = 68;
data plant;infile 'Dry matter data.csv' firstobs = 2 delimiter = "," truncover LRECL = 600;
input Soil $ Location $ Rep SD TotalDM GrassDM ForbsDM percgrass percother;
run;
proc print data = plant;
run;
proc mixed data = plant method = type3;
class Soil Rep Location SD ;
model GrassDM = Soil Location Soil*Location SD Soil*SD Location*SD Soil*Location*SD /
ddfm = kr;
random Rep(Soil);
lsmeans Location Soil*SD/ diff;
run;
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Appendix D: Example of SAS program used to analyze the effect of soil moisture regime,
mound position, and sampling date on type of biomass produced (i.e., grasses or other species).
Title 'Chesney Prairie Plant Dry Matter Data';
options ls = 110 ps = 68;
data plant;
infile 'Dry matter data 2.csv' firstobs = 2 delimiter = "," truncover LRECL = 600;
input SMR $ Position $ Rep Biomass_Type $ Date Biomass ;
run;
proc print data = plant;
run;
proc mixed data = plant method = type3;
class SMR Rep Position Date Biomass_Type ;
model Biomass = SMR | Position | Date | Biomass_Type / ddfm = kr;
random Rep(SMR);
lsmeans SMR*Date*Biomass_Type/ diff;
run;
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Appendix E: Example of SAS program used to analyze the effect of soil moisture regime and
mound position on plant diversity indices.
Title 'Chesney Prairie Plant Dry Matter Data';
options ls = 110 ps = 68;
data plant;
infile 'Vegetation for sas.csv' firstobs = 2 delimiter = "," truncover LRECL = 600;
input SMR $ Pos $ Rep Div Even Rich;
run;
proc print data = plant;
run;
proc mixed data = plant method = type3;
class SMR Pos Rep ;
model Div = SMR Pos SMR*Pos / ddfm = kr;
random Rep(SMR);
run;
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Appendix F: Soil profile descriptions for a representative aquic and udic mound summit and
inter-mound.
Aquic Mound
A1— 0-10 cm (0-4 in); dark grayish brown (10YR 4/2), silt loam; weak granular structure;
friable; abundant fine roots; clear boundary.
A2—10-29 cm (4-11 in); dark grayish brown (10YR 4/2), silt loam; moderate granular structure;
friable; few fine roots; few yellowish red (5YR 5/8) iron concentrations; gradual boundary.
Bw – 29-58 cm (11-23 in); dark grayish brown (10YR 4/2), silt loam; weak subangular blocky
structure; friable; few fine roots; few yellowish red (5YR 5/8) iron concentrations; clear
boundary.
Bt1 – 58-78 cm (23-31 in); dark yellowish brown (10YR 4/4), silt loam; moderate subangular
blocky structure; friable; few black (10YR 2/1) manganese concretions; clear boundary.
Bt2 – 78-90 cm (31-35 in); dark yellowish brown (10YR 4/4), silt loam; moderate subangular
blocky structure; friable; few black (10YR 2/1) manganese concretions and many light brownish
gray (10YR 6/2) depletions.

Aquic Inter-mound
A—0-20 cm (0-8 in); very dark grayish brown (10YR 3/2), silt loam; moderate granular
structure; friable; many fine roots; few yellowish red (10YR 5/8) iron concentrations; abrupt
boundary.
Bt – 20-41 cm (8-16 in); brown (10 YR 4/3), silt loam; weak subangular blocky structure;
friable; few fine roots; few yellowish red (5YR 5/8) iron concentrations and few light brownish
gray (10YR 6/2) depletions; clear boundary.
Btg1 – 41-65 cm (16-26 in); pale brown (10YR 4/3), silt loam; moderate subangular blocky
structure; friable; few fine roots; common yellowish red (5YR 5/8) iron concentrations; clear
boundary.
Btg2 – 65-90 cm (26-35 in); pale brown (10YR 6/3), silty clay loam; moderate subangular
blocky structure; friable; many yellowish red (5YR 5/8) iron concentrations and many black
(10YR 2/1) manganese concretions.
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Udic Mound
A1 – 0-25 cm (0-10 in); very dark grayish brown (10YR 3/2), silt loam; weak granular structure;
friable; many fine roots; clear boundary.
A2 – 25-40 cm (10-16 in); dark brown (10YR 3/3), silt loam, moderate granular structure; friable;
common fine roots; clear boundary.
AB – 40-59 cm (16-23 in); dark brown (10YR 3/3), silt loam, moderate subangular blocky
structure; friable; few fine roots; clear boundary.
Bt1 – 59-78 cm (23-31 in); brown (10YR 4/3), silt loam, moderate subangular blocky structure;
friable; few yellowish red (10YR 5/8) iron concentrations; clear boundary.
Bt2 – 78-90 cm (31-35 in); yellowish brown (10YR 5/4), silt loam, moderate subangular blocky
structure; friable; few yellowish red (10YR 5/8) iron concentrations.

Udic Inter-mound
A – 0-22 cm (0-9 in); very dark gray (10YR 3/1), silt loam; weak granular structure; friable;
many fine roots; clear boundary.
Bt1 – 22-35 cm (9-14 in); very dark gray (10YR 3/1), silt loam; weak subangular blocky
structure; friable; common fine roots; clear boundary.
Bt2 – 35-44 cm (14-17 in); brown (10YR 5/3), moderate subangular blocky structure; firm; few
fine roots; few black (10YR 2/1) manganese concretions; clear boundary.
Btx1 – 44-60 cm (17-24 in); strong brown (7.5YR 5/6), silty clay loam; moderate subangular
blocky structure; firm; few black (10YR 2/1) manganese concretions and common light
brownish gray (10YR 6/2) depletions; clear boundary.
Btx2 – 60-90 cm (24-35 in); red (2.5YR 4/8), very gravelly clay loam; strong subangular blocky
structure; firm; common dark red (10YR 3/6) iron concentrations.
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